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ABSTRACT 
The Development of Functionally Tunable Hierarchical Nanomaterials 
Evan O’Brien 
 
Superatomic crystals (SACs) with tunable physical properties offer a new approach to the 
design of inorganic nanomaterials. Very little is known about how these systems function, or 
how their properties can be transformed. Here I describe work that helps to develop an 
understanding of how functional properties behave in SACs, and how they can be altered 
through superatomic intercalation or with phase transitions. 
Chapter 1 describes work characterizing the thermal transport behavior of SACs. We find 
that heat transfer is dominated by coherent inter-cluster phonons with vibrational frequencies 
determined by the periodicity of the SAC superstructure. We also demonstrate a transformation 
from amorphous to crystalline thermal transport behavior through manipulation of the vibrational 
landscape and orientational order of the superatoms.  
Chapters 2 and 3 describe the intercalation of a porous superatomic host, 
[Co6Te8(PnPr3)6][C60]3. We find that guests can be inserted into the superstructure through 
single-crystal-to-single-crystal transformations, dramatically transforming the electronic 
properties of the SAC. Using electronic absorption spectroscopy, electrical transport 
measurements and electronic structure calculations, we demonstrate that the intercalation is 
driven by the exchange of charge between the host, establishing an exciting design space for the 
preparation of superatomic materials. 
Chapter 4 describes a hierarchical solid, [Co6Te8(PEt3)6][C70]2, in which the delicate 
balance of interactions between constituent building blocks produces two separate phase 
transitions: one affecting thermal transport properties, the other transforming the electronic and 
magnetic behavior of the SAC. We use a wide range of structural and spectroscopic 
characterization tools to understand the mechanism of each transformation. This work establishes 
a new ability to program functional phase transitions into cluster-assembled materials. 
In a completely different area of study, chapter 5 describes a new covalent organic 
framework (COF) whose unique structure enables a post-synthetic topochemical polymerization 
of the framework’s linker fragments. The polymerization of the 1-3 butadiyne into a 
polydiacetylene backbone covalently crosslinks the material without compromising its original 
crystallinity. This work not only enables the preparation of more structurally resilient COFs, but 
also diversifies the design space for this emerging class of materials. 
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The success of our species has been fueled by the growth and evolution of the massive 
field of material science. This field offers the language to design materials to serve specific 
functions. This ability is evolving faster than ever, as the needs of society continue to grow, 
fueled by population growth and an increasing need for energy. We seek efficient photovoltaic 
systems with the absorbing and conducting properties to effectively harvest the abundant energy 
our sun supplies us with. We seek batteries with the capacity and energy density to feasibly store 
this energy. We seek light-weight alloys and composites to build efficient aerospace shuttles. We 
seek soft, permeable membranes to perform separations and filtrations. Every technological need 
we face today is addressed with materials science. 
 If material properties are the language of this field, then the atoms that form the basis for 
these materials can be thought of as the alphabet. Scientists have developed a powerful ability to 
exploit the fundamental nature of chemical bonding to control the way the resultant material 
behaves. But elements offered by our periodic table are finite, and will not always behave 
predictably. 
Cluster-assembled materials have emerged as an exciting new class of structures that 
change the way we think about materials science in this way. These materials are similar to 
traditional atomic solids, but are composed of discrete nanoscale building blocks instead of 
atoms. These cluster building blocks, which we title superatoms, are structurally defined pseudo-
spherical structures with a wide range of electronic and magnetic behaviors. While some 
superatoms can be simply described as allotropes of their parent element (C60, C70, etc.), many 
are characterized by a core/ligand structure: a structure bearing an inorganic core with 
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passivating organic ligands bound to open metal coordination sites decorating the cluster core. In 
addition to stabilizing an otherwise reactive cluster core, these ligands drastically increase the 
cluster solubility in common organic solvents, and can be used to direct their assembly into 
complex structures.  The properties of individual superatoms are defined by their core size and 
composition, but ligands can impact the way these structures behave. 
These materials readily assemble into atomically-defined periodic arrays, which we title 
superatomic crystals (SACs). These structures typically fall into one of two categories 1) neutral 
solids, bound by weak van-der-waal forces 2) ionic solids, which crystallize from solution as a 
result of spontaneous charge transfer between individual superatoms. Subtly changing the 
superatomic core, ligand structure, or superatomic stoichiometry can lead to a wide range of 
structural morphologies.  
Remarkably, emergent collective properties can be programmed into SACs through 
proper choice of superatomic composition and stoichiometry. Moreover, the diversity and 
tunability of reported superatoms present a promising opportunity for creating new materials 
with multiple functionalities. As this library of reported superatoms continues to grow, so does 
the potential of the field: already the number these compounds dwarfs the atoms of our periodic 
table, offering a novel set of superatomic precursors to form a new alphabet for modern materials 
chemistry. 
In a few short years, the work performed by the Roy group developing and characterizing 
SACs has already yielded many exciting results, including collective magnetic and electronic 
behaviors. But it has become very clear that it is necessary to develop the language of 
superatomic material science. Generations of scientists have developed platforms for the growth, 
manipulation and transformation of atomic materials. Because SACs reside at an interface 
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between atomic and molecular materials, it is difficult to directly apply these lessons, and the 
wheel must be reinvented. The work presented here describes my efforts to further develop the 
language of superatomic material science. 
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Chapter 1. Thermal Transport Behavior of Superatomic Crystals 
1.1. Preface 
This chapter is based on a manuscript entitled “Orientational order controls crystalline and 
amorphous thermal transport in superatomic crystals”. I synthesized all SAC samples and, together 
with Dr. Daniel Paley, conducted SCXRD characterization. Wee-Liat Ong in the Jonathan Malen 
group at Carnegie Mellon University conducted the FDTR and DSC measurements on the SACs 
and carried out all first-principle calculations with help from Alan McGaughey. Patrick Dougherty 




The thermal transport behavior of a material is one of the most important 
considerations when evaluating its performance for a specific application; heat management is 
critical to a device’s performance and potential failure.  The thermal transport properties of 
both atomic and nanocrystalline materials are well understood, the former typically dominated 
by phonons matching the length scales characteristic to the crystalline solid, and the latter 
dominated by EMA and interfacial scattering. SACs, however, occupy a unique position 
between bulk atomic and nanocrystal materials, and it is unclear what vibrational modes or 
scattering mechanisms dominate thermal transport in this new family of materials. Therefore, 
understanding the fundamental mechanism of heat transport in SACs is a critical step towards 
their deployment as electronic, thermoelectric, and phononic materials.  
This work explores thermal transport in two classes of SACs: unary compounds in 
which the superatoms are held together by van der Waals interactions; and binary ionic solids 
assembled by inter-superatom charge transfer1. This diversity of interaction produces a range 
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of physical properties. For instance, the unary SACs are electrical insulators while the binary 
SACs show thermally activated transport with activation energies of 100–150 meV1. Herein, 
we show that the juxtaposition of structural control and diverse intra- and inter-superatom 
bonding gives rise to complex vibrational landscapes and unexpected thermal transport 
behaviors. 
In this study, we explore how the unique atomic definition of superatoms produces 
cooperative inter-superatom vibrations capable of transporting thermal energy. We report the 
first examination of thermal transport in SACs using thermal conductivity measurements 
complemented by first-principles calculations of vibrational spectra and experimental 
measurements of heat capacity, Young’s modulus, and thermal expansion. 
 
Figure 1.1: SAC structures and FDTR measurement. a, Schematic of the FDTR measurement 
on a gold-coated SAC. A pump laser (blue) heats the SAC while a probe laser (green) measures 
the temperature-dependent reflectance of gold to determine the thermal conductivity. b, Crystal 
structure of [Co6Te8][C60]2 looking down the c-axis (left) and down the a-axis (right). Scale bar 
is 1 nm.  c, Crystal structure of [Co6Te8] looking down the a-axis (left) and down the b-axis 
(right). Hydrogen atoms are omitted for clarity. Scale bar is 1 nm. C, black; P, orange; Co, blue; 
Te, red. Structures were determined by SCXRD at 100 K. d, Optical microscopy image of a 
representative [Co6Se8][C60]2 crystal coated with a 60 nm Au transducer for FDTR measurement. 
Scale bar is 20 µm. e, Scanning electron microscopy (SEM) image of a nano-indented SAC 
surface. Scale bar is 1 µm. 
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1.3. Fundamentals of Thermal Transport in Crystalline Solids 
In crystalline dielectrics, heat is primarily transported by quantized vibrations of the 
periodic lattice called phonons. The volumetric heat capacity Cv, group velocity v, and mean free 
path Λ of phonons are strongly influenced by the electrical structure and bonding of the material. 
Kinetic theory approximates thermal conductivity as a product of Cv and average values of v and 
Λ, . Crystalline solids with strong covalent bonding (for example, Si and diamond) 
have room-temperature thermal conductivities greater than 100 W m−1 K−1, which increase with 
decreasing temperature due to a reduction in phonon scattering that extends the mean free paths. 
Soft amorphous materials (for example, polymers) conversely have room-temperature thermal 
conductivities below 1 W m−1 K−1, which decrease with decreasing temperature due to the 
temperature dependence of the heat capacity.  
In nanocrystal arrays, in which the fundamental building blocks are typically larger than 
~3 nm in diameter, thermal transport is mediated by disordered organic–inorganic interfaces and 
is well described by effective medium approximations (EMAs)2–4. In contrast, our superatoms 
are too small for bulk-like properties to emerge within individual clusters, making the application 
of EMAs unsuitable5,6. 
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Figure 1.2: Experimental and theoretical heat capacities of SACs.  a, Molecular structure of 
the superatoms Co6E8(PEt3)6 and C60. Hydrogens are omitted for clarity. C, black; P, orange; Co, 
S, Se, and Te colors are defined in the labels. b, Diagram of DFT-calculated vibrational modes of 
isolated Co6E8(PEt3)6 and C60. The vertical dotted line denotes the frequency  
with the Boltzmann constant, T the temperature 300K, and  the reduced Planck constant. 
Vibrational modes near and below this line are gradually activated at 300 K according to the 
Bose-Einstein distribution. c, Temperature dependence of the experimental (DSC) and calculated 
(DFT) heat capacities of [Co6Se8], C607 and [Co6Se8][C60]2. The uncertainty bars in the measured 
heat capacity data come from the variations over three separate runs. 
 
1.4. DFT Simulation of SAC Vibrational Modes and Low Temperature Heat Capacity 
We measured the heat capacity of our SACs (Cv) using differential scanning calorimetry 
(DSC) and compared the results with theoretical Cv values calculated from density functional 
theory (DFT) using vibrational spectra of isolated superatoms (see section 1.8). The molecular 
structure and the DFT-predicted vibrational spectra of the four superatoms are shown in Fig. 
1.2a,b. The vibrational spectrum of each [Co6E8] spans two orders of magnitude, with numerous 
thermally-active vibrational modes at 300 K. Increasing the cluster core mass (i.e., Co6S8 to Co6Se8 
to Co6Te8) shifts the spectrum to lower frequencies. In contrast, the vibrational spectrum of an 
300K /w = Bk T
Bk
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isolated C60 is narrower and has no active modes at 300 K, due to the small atomic mass of carbon 
and the strong C-C covalent bonding8. We calculated the heat capacity of each SAC as a function 
of temperature by summing over the vibrational spectra of the constituent superatoms according 
to Bose-Einstein occupancy (see section 1.8). The theoretical and experimental Cv for [Co6Se8], 
[Co6Se8][C60]2, and experimental data for C60 measured by Diki et al.9 are plotted in Fig. 1.2c. The 
predicted trends capture the experimental behaviors: Cv decreases monotonically with decreasing 
temperature for all SACs except [Co6Se8][C60]2, which shows a peak at ~190 K associated with a 
symmetry lowering phase transition detected by SCXRD (see Fig. 1.4b,c). The slightly higher Cv 
of the binary crystal [Co6Se8][C60]2 relative to the unary crystal [Co6Se8] results from an increase 
in the number density of atoms.  Similar trends were obtained for the other SACs. 
Our heat capacity predictions, generated from the vibrational spectra of isolated 
superatoms, are consistently 20 to 35% lower than the measured values. This under-prediction 
occurs because the calculation does not capture the collective low-frequency, inter-superatom 
vibrational modes (i.e. phonons) that emerge upon crystallization. A similar discrepancy is 
observed between the experimental and calculated heat capacities of C60. These low-frequency 
collective modes have been hypothesized to cause crystal-like thermal transport behavior in single 
crystal C60, as evidenced by the temperature dependence of its thermal conductivity10. How 
important are these inter-superatom phonons to thermal transport in SACs?  
1.5. Thermal Transport Data and Analysis 
The correlation between kSAC and  for all five SACs at room temperature is shown in Fig. 
1.3. We observe that plays a predictive role for thermal conductivity. The thermal conductivity 
scales linearly with , a strong indication that thermal transport arises from the acoustic phonons 





superlattice11,12. The non-zero extrapolation of the dashed line to  suggests a parallel 
contribution from optical phonons (which have lower group velocities compared to acoustic 
phonons) or non-phonon-like vibrational transport by diffusons and locons13. 
 
Figure 1.3: Thermal conductivity of SACs as a function of the sound speed. kSAC is proportional 
to the average sound speed. All data was collected at room temperature. For comparison we include 
the thermal conductivity10 and sound speed14–16  of crystalline C60. The dotted line through the 
experimental data acts as a visual guide. The Cahill-Pohl minimum thermal conductivity 
calculations using the full SAC atomic density (kmin-atomic) and the SAC superatom density (kmin-
super) bound our results. The vertical uncertainty bar for the SAC data denotes the uncertainty in 
the thermal conductivity measurements17. The horizontal uncertainty bar in the SAC data is the 
range of sound speeds derived from the measured Young’s modulus (Table 1.1) using Poisson 
ratios ranging from 0.2 to 0.35. For the C60 data, the horizontal uncertainty bar comes from the 
range of C60 sound speeds in the literature14–16. 
 
Two observations from our data are consistent with this phonon description of thermal 
transport, i.e. . First, for the unary [Co6E8] and binary [Co6E8][C60]2 series, both  
and kSAC decrease as the density of the structure increases when heavier chalcogen atoms are 
substituted for lighter ones. Second,  and kSAC of the binary SACs are systematically higher than 
 v = 0
/ 3vk C v= L v
v
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those of the corresponding unary SACs.  While the introduction of C60 changes the heat capacity 
and density of the binary SACs by less than 12 %, our nanoindentation experiments indicate that 
ESAC increases by more than 200 %, relative to the unary crystals (Table 1.1). This enhancement 
is consistent with stronger ionic inter-superatom interactions in the binary SACs, relative to the 
weak van der Waals interactions in the unary compounds. 
 
Table 1.1: Thermal and physical properties of SACs at room temperature. The density is 
determined from SCXRD data. The uncertainty in kSAC is determined using the method described 
in ref17. The uncertainty in ESAC is the standard deviation obtained from seven nanoindentations. 
The crystal structures of [Co6S8] and [Co6Se8] contain one toluene molecule per cluster. We 
account for the included solvent molecule in all calculations and measurements. None of the other 
SACs are solvate crystals. 
 
To further interpret the measured kSAC, we note that the values are low and are similar in 
magnitude to those of polymers, suggesting that phonon mean free paths are short. To test this 
hypothesis, we consider the Cahill-Pohl minimum thermal conductivity model (see section 1.8)18, 
which sets a lower bound for the thermal conductivity (kmin) of amorphous solids and was used to 
approximate the ultralow thermal conductivity of microcrystalline PCBM thin films15. The key 
assumption of this model, relative to conventional models for crystalline solids, is that all 





















[Co6S8] Unary Co6S8(PEt3)6 1465 1.95 0.22 ± 0.05 4.0 ± 0.8 
[Co6Se8] Unary Co6Se8(PEt3)6 1797 1.66 0.18 ± 0.04 2.3 ± 0.1 
[Co6Te8] Unary Co6Te8(PEt3)6 2237 1.87 0.13 ± 0.03 0.62 ± 0.03 
[Co6Se8]   [C60]2 Binary [Co6Se8(PEt3)6]  [C60]2 1902 1.74 0.25 ± 0.06 8.1 ± 0.5 
[Co6Te8]  [C60]2 Binary [Co6Te8(PEt3)6] [C60]2 2082 1.69 0.16 ± 0.04 1.3 ± 0.4 
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We bound contributions from inter- and intra-superatom vibrational modes by calculating 
the minimum thermal conductivity kmin using two approaches.  When we calculate kmin as a first 
approximation by defining n (the number density of participating entities) as the atomic number 
density of the SAC15, we severely overestimate the measurments, as shown in Fig. 1.3 (labeled 
kmin-atomic). In doing so, we are effectively unfolding the Brillouin zone and assuming that optical 
phonons also propogate at the average sound speed. In reality, optical phonons will propogate with 
reduced group velocities due to bandgaps in the dispersion caused by mass and bonding diversity 
within the SAC unit cell. To contrast the upper bound set by kmin-atomic, we calculate a lower bound 
by assuming that only the collective translational and rotational degrees of freedom of the 
superatoms contribute to kmin14,19 (i.e., n is twice the superatom number density). The results, 
plotted in Fig. 1.3 as kmin-super, are lower than kSAC. We suggest two possible explanations: (i) intra-
superatom modes contribute to thermal transport and/or (ii) inter-superatom modes with long mean 
free paths transport energy. 
 
1.6. kSAC Temperature Dependence and Crystallographic Characterization 
To gain deeper insight, we performed temperature-dependent thermal conductivity 
measurements. The results are plotted in Fig. 1.4a alongside reported experimental data for C6010. 
As the temperature decreases, the C60 lattice undergoes a sudden 0.4 % contraction of the lattice 
parameter at 260 K, resulting from a structural transition from face-centered cubic (FCC) to simple 
cubic (SC) produced by orientational ordering of the freely rotating C60 superatoms10. Yu et al. 
suggest that orientational disorder in the FCC phase strongly scatters phonons, leading to 
temperature-independent thermal conductivity above 260 K10. Conversely, in the SC phase the 
C60s are frozen in an ordered orientation, enabling crystal-like thermal conductivity behavior. Our 
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measurements of the thermal conductivity of SACs as a function of temperature show similar 
unexpected and unusual features.  
 
Figure 1.4: Thermal conductivity and structural parameters of SACs as a function of 
temperature. a, Temperature dependence of the thermal conductivity of SACs. The kBvKS model 
provides a good fit to the low temperature data of [Co6Se8][C60]2 and C60. Data for three different 
[Co6Se8][C60]2 crystals are shown (See Fig. 1.6 for other samples of these SACs). The uncertainty 
bar in kSAC reflects the uncertainty in the thermal conductivity measurements17. Data for crystalline 
C60 is included for comparison20. b and c, Temperature dependence of (c) the unit cell lattice 
parameters (a and c) and (b) the centroid-to-centroid distance between neighboring C60s (r) in 
[Co6Se8][C60]2 and [Co6Te8][C60]2, as determined by SCXRD. 
 
The thermal conductivities of the unary SACs are temperature-independent for [Co6S8] and 
[Co6Se8] and decrease slightly for [Co6Te8] with decreasing temperature, a behavior reported in 
other large unit cell crystals (e.g., single crystal MOF-5)21. This trend for the unary SACs is 
predicted by the Cahill-Pohl model, whose temperature-dependence is only related to the 
occupancy of the heat-carrying modes14. Based on our discussion of Fig. 1.3, the modes that 
dominate heat transport in the SACs have low frequencies and will remain activated as the 
temperature decreases.  
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The binary series shows distinct behaviors. The thermal conductivity of [Co6Te8][C60]2 
decreases modestly with decreasing temperature, similar to [Co6Te8]. By contrast, [Co6Se8][C60]2 
shows a complex behavior: i) between 300 and 200 K, the thermal conductivity is temperature-
independent; ii) between 200 and 180 K, the thermal conductivity increases abruptly by ~25 %; 
iii) below 180 K, the behavior resembles that of a crystalline material, where thermal conductivity, 
and hence phonon mean free paths, increase as temperature decreases. The solid lines fit to the low 
temperature [Co6Se8][C60]2 and C60 data are based on a modified Callaway model with the Born-
von Karman dispersion proposed for thermal conductivity of crystalline solids (see section 1.8)22.  
The distinct trends of [Co6Se8][C60]2 and [Co6Te8][C60]2 are remarkable given that these 
compounds are isostructural. We attribute this divergence to subtle differences in the crystal 
structure of the solids, analogous to the behavior of crystalline C60. Fig. 1.4b,c show the 
temperature dependence of the lattice parameters (a and c), and the center-to-center distance 
between neighboring C60s (r). In [Co6Se8][C60]2, r is comparable to crystalline C6023. Upon cooling, 
we observe an abrupt contraction of r and a at ~190 K together with an increase of c. This sudden 
structural transformation is accompanied by a change in the symmetry (from  to ), 
resulting from the ordering of the fullerenes and the PEt3 ligands below 190 K. The ordering 
process is reflected in the DSC (Fig. 1.2c) and the thermal conductivity data. Below 190 K, 
[Co6Se8][C60]2 is orientationally ordered and behaves like a crystalline solid whose thermal 
conductivity increases with decreasing temperature. Above 190 K, the orientational disorder 
scatters strongly phonons, leading to an amorphous behavior. By contrast, the unit cell of 
[Co6Te8][C60]2 contracts smoothly with decreasing temperature, mainly through a shortening of 
the c-axis. Both a and r are significantly larger than in [Co6Se8][C60]2, and neighboring C60s never 
come close enough to each other to experience the specific anisotropic interactions that lead to 
P 3m1 P 3
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orientational ordering23,24. Thus, [Co6Te8][C60]2 exhibits an amorphous behavior over the whole 
temperature range.  
 
1.7. Conclusions 
We have shown that thermal transport in SACs is mediated by collective inter-superatom 
phonons whose mean free paths can be modulated by the spacing and the strength of the 
interactions between the superatoms. Our data suggests that as SACs transition from an 
orientationally disordered structure to an ordered one, the phonon mean free paths and hence the 
thermal conductivity of the material begins to increase with decreasing temperature. Similar 
dynamic disorder may also exist in emergent organic–inorganic perovskites, where molecular 
rotations at high temperatures are a potential origin of ‘ultralow’ thermal conductivity25. These 
results chart a clear path to hierarchical materials whose thermal properties can be tuned by 
modifying the size, structure, and composition of the superatom building blocks. Further thermal 
studies of atomically precise SACs are thus essential for understanding and designing these 
materials for next-generation phononic and thermoelectric applications. 
 
1.8. Supplementary information 
Synthetic Details and Procedures 
Triethylphosphine and triphenylphosphine were purchased from Sigma Aldrich. Dicobalt 
octacarbonyl, tellurium and selenium powders were purchased from Strem Chemicals. Cobalt 
bromide and sodium sulfide nonahydrate were purchased from Alfa Aesar. C60 (99.5% assay) 
was obtained from BuckyUSA. All solvents were purchased from Fischer Scientific and were 
purified by elution through a dual column solvent purification system (MBraun SPS). All 
reaction and sample preparations were carried out under inert atmospheres using standard 
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Schlenk techniques or in a nitrogen-filled glovebox. Co6S8(PPh3)6, Co6Te8(PEt3)6, Co6Se8(PEt3)6, 
and [Co6Se8(PEt3)6][C60]2 were prepared according to literature procedures1,26–28. 1H NMR and 
31P spectra were acquired on Bruker 400 and Bruker 500 spectrometers, respectively. 
 
Co6S8(PEt3)6: A 20 mL cylindrical pressure vessel was loaded with Co6S8(PPh3)6 (200 mg, 
0.092 mmol), PEt3 (600 mg, 5.078 mmol) and tetrahydrofuran (10 mL). The sealed vessel was 
sealed under an N2 atmosphere with a PTFE bushing and a perfluorinated O-ring. The reaction 
was heated to 75 ºC for 48 hours. The flask was cooled to room temperature, resulting in the 
precipitation of a dark solid. The vessel was opened in a nitrogen-filled glovebox and the 
solution was centrifuged. The fine brown crystals were washed rinsed with diethyl ether (5 mL) 
and dried in vacuo. Yield: 115 mg (95 % yield)  
1H NMR (400 MHz, [toluene-d8], 298 K): δ = 1.08-1.19 (9H, m), 1.88-2.00 (6H, m) 
31P  NMR (203 MHz, [toluene-d8], 298 K): 45 (broad) 
 
[Co6Te8(PEt3)6][C60]2: Co6Te8(PEt3)6 (29.4 mg, 0.014 mmol) and C60 (19.9 mg, 0.028 mmol) 
were dissolved in toluene (8 mL) and 1-methylnapthalene (8 mL), respectively. The solutions 
were filtered through 0.2 µm PTFE filters. The solution of Co6Te8(PEt3)6 was slowly layered 
onto the solution of C60 and was left undisturbed to diffuse for 18 hrs. Black crystals formed on 
the walls of the vial, which were subsequently washed with toluene (3 mL) and hexanes (3 mL), 
and dried in vacuo. Yield: 37 mg (76 % yield) 
 
Co6E8(PEt3)6, single crystal (E = S, Se, Te): Co6E8(PEt3)6 (20 mg) was dissolved in toluene (10 
mL) and filtered through a 0.2 µm PTFE filter. Single crystals were grown by evaporating the 
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toluene solution for 5 days in the glovebox. Co6S8(PEt3)6 crystallized as a toluene solvate (1:1 
stoichiometry) while the other superatoms crystallized with no solvent in their respective unit 
cells. 
FDTR Theory and Experiment Details 
The single crystals produced using our synthetic approach have dimensions on the order of 
100×100×100 µm3 (nL volume), making thermal conductivity measurements using conventional 
steady-state methods unviable. To overcome this challenge, we employed frequency domain 
thermoreflectance (FDTR), a non-contact optical pump-probe technique2,17. FDTR is amenable to 
the small size of the SACs as it uses a focused laser with a spot radius of 3.1 ± 0.2 µm. The thermal 
conductivities extracted from the fits, kSAC, range from 0.13 to 0.25 W/m-K at room temperature. 
These results are listed in Table 1.1, along with the density (r) and Young’s modulus (ESAC) of 
each compound, as calculated from SCXRD and nanoindentation data (Fig. 1.1d). From the density 
and Young’s modulus, we estimate the average sound speed ( a ) of each SAC29. 
For thermal conductivity measurements, the SACs were either directly grown on or glued 
to a silicon wafer and coated with a thin gold transducer (60-70 nm) by magnetron sputtering. 





Figure 1.5: Optical microscope image of a [Co6Se8(PEt3)6][C60]2 crystal grown onto  Si/SiO2. 
Substrate coated with a thin gold layer (60 nm). Scale bar is 100 µm. 
 
The thermal conductivities of more than ten different single crystals of each SAC, spanning 
multiple syntheses, were measured at room temperature using the FDTR technique. Our FDTR 
technique employs two continuous wave lasers (Coherent) to heat and probe the gold-coated SAC 
sample for its unknown thermal conductivity2,17. Since these gold-coated surfaces may not be 
parallel to the substrate surface, a goniometer and a rotating stage enable adjustments to make the 
crystal face normal to the laser beam. The intensity of a 488 nm laser (the pump) was sinusoidally 
modulated from 50 kHz to 5 MHz to periodically heat the gold surface. The resulting thermal 
response is monitored by a 532 nm laser (the probe) through the thermoreflectance (temperature-
dependent reflectivity) of the gold surface. This probe signal was read by an amplified photodiode 
(Thorlabs, PDA 36A) and measured by a lockin amplifier (Zurich Instrument, HF2LI), producing 
frequency-dependent phase data that depend on the thermal properties of the sample. These data 
were fit to an exact solution to the heat diffusion equation (see Table 1.2 for fitting parameters) to 
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determine the unknown thermal conductivity of the SAC sample30. We note that the binary SACs 
exhibit activated electrical conductivity but we estimate that their electronic thermal conductivities 
are four orders-of-magnitude smaller than our measured values (~10-5 W/m-K) based on the 
Wiedemann-Franz law and the electrical conductivity of [Co6Se8][C60]21. 
Due to their low thermal conductivities, a steady-state temperature rise of 30 to 40 K occurs 
in the SACs during the FDTR measurements. An iterative fitting approach is adopted to find a 
converged thermal conductivity value at the elevated temperature. An initial steady-state 
temperature is assumed to get a first estimate of the thermal conductivity. With this value, the 
resulting steady-state temperature rise is calculated and the relevant properties at this new 
temperature are used to determine a new thermal conductivity value. This process is repeated until 
a converged thermal conductivity is obtained (i.e., invariant up to the second decimal place). In all 
cases, two to four iterative loops were needed. More than ten different crystals were measured for 
experiments conducted at room temperature for each SAC and their average thermal conductivity 
values are reported. The deviation between measurements is less than the uncertainty in a single 
experiment. For the temperature-dependent thermal conductivity trends, at least two different 
crystals for most SACs (only one for [Co6Te8]) were measured in a cryostat cooled with liquid 
nitrogen. The data in Figure 1.4a for [Co6Te8][C60]2 are averages of three different crystals; data 
for both [Co6S8] and [Co6Se8] are averages of two different samples; data for [Co6Te8] comes from 
one sample. 
The resulting thermal conductivity has an uncertainty of 20-25 % due to the goodness of 
fit of the model and input parameter uncertainties (thermal conductivity of the gold film, 
volumetric heat capacities, and thicknesses of the gold film and SACs)17. To minimize this 
uncertainty, we separately determined the gold film thickness using AFM and its thermal 
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conductivity using the Wiedemann-Franz law. The electrical sheet resistance required in the 
Wiedemann-Franz law was measured with a four-point probe performed on a gold-coated 
dielectric substrate that was sputtered at the same time as the sample. The substrate properties are 
unimportant as the heights of the SACs were typically more than 100 µm. Heat capacity values 
used in the fitting process were either experimentally measured (for temperatures greater than 180 
K) or extrapolated below 180 K by adding a fixed percentage (20 to 30 %) to the DFT values. This 
percentage is the average percentage difference between the DSC and the DFT values at T > 200K.  
 
 Layer Thickness Thermal Conductivity (W/m-K) 
Volumetric Heat Capacity 
(kJ/m3-K) 
Au Layer 60 - 70 nm 
(measured by 
AFM) 
Measure using 4-point 
probe method and 
calculate kAu from 
Weidemann-Franz Law  
2500 (@ 300 K, otherwise use 
ref.31) 
SAC crystal >100 μm 
(estimated from 
top view of 
microscopic 
images) 
Fitting parameter from 
FDTR 
- Measured by DSC for  
T >200 K. 
- Lower temperature values are 
estimated from DFT trends by 
adding a fixed percentage (20 
to 30 %) to the DFT values. This 
percentage is the average 
percentage difference between 
the DSC and the DFT values at T 
> 200K. 
Substrate No effect on the 
fitted kSAC 
No effect on the fitted 
kSAC 
No effect on the fitted kSAC 
 
Table 1.2: Fitting parameters for FDTR. 
The focused laser spot radius is allowed to vary 3.1 ± 0.1 um from the measured value during 
fitting in order to get a better fit on the data. This range is within the measurement uncertainty of 




Figure 1.6: Temperature dependence of the thermal conductivities of [Co6S8], [Co6Se8], and 
[Co6Te8][C60]2. All measured samples are shown on this plot, except for [Co6Te8] and 
[Co6Se8][C60]2 which are already shown in Fig. 1.4 of the manuscript. 
 
SCXRD Experimental  
Single-crystal XRD experiments were performed on an Agilent SuperNova diffractometer 
using mirror-monochromated Mo Ka radiation. In a typical experiment, crystals were mounted in 
oil on a MiTeGen microloop and cooled to 100 K on the diffractometer. Complete data were 
collected to 0.8 Å resolution. Data collection, integration, scaling (ABSPACK) and absorption 
correction (face-indexed Gaussian integration32 or numeric analytical methods33) were performed 
in CrysAlisPro34. Structures were solved by direct methods in ShelXT35 or by charge flipping in 
SuperFlip36. Subsequent refinement was performed by full-matrix least-squares on F2 in ShelXL. 
Olex237 was used for viewing and to prepare CIF files. PLATON38 was used extensively for 
SQUEEZE39, ADDSYM40 and TwinRotMat. Many disordered solvent molecules were modeled 
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as rigid fragments from the Idealized Molecular Geometry Library41. ORTEP graphics were 
prepared in CrystalMaker42. Thermal ellipsoids are rendered at the 50 % probability level.  
Crystal data for all compounds are given in Tables 1.3-1.7. Crystal structures featuring 
thermal parameters for Co6S8(PEt3)6, Co6Se8(PEt3)6, [Co6Se8(PEt3)6][C60]2, and 
[Co6Te8(PEt3)6][C60]2 at 100 K are shown in Fig. 1.7-1.10, respectively. Crystal data for 
Co6Te8(PEt3)6 has been reported by Steigerwald and coworkers27. Non-routine crystallographic 
details are provided below. 
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Space group P3" 
a (Å) 15.7282(4) 15.7619(4) 15.7561(5) 15.7555(4) 15.7613(5) 
b (Å) 15.7282(4) 15.7619(4) 15.7561(5) 15.7555(4) 15.7613(5) 
c (Å) 12.5180(3) 12.5214(4) 12.5521(4) 12.5483(4) 12.5433(4) 
α (°) 90 90 90 90 90 
β (°) 90 90 90 90 90 
γ (°) 120 120 120 120 120 
V (Å3) 2681.78(14) 2694.02(16) 2698.63(18) 2697.61(17) 2698.52(19) 
Z 1 1 1 1 1 
ρcalc (g cm-3) 1.941 1.933 1.929 1.930 1.929 
T (K) 100.00 125.02 150.01 175.08 185.01 
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 
2θmin, 2θmax 6.81, 59.106 6.8, 58.816 6.798, 58.912 6.798, 59.108 6.796, 58.944 
Nref 14621 14068 14275 14144 13577 
R(int), R(σ) 0.0592, 0.0688 0.0614, 0.0720 0.0594, 0.0695 0.0607, 0.0730 0.0569, 0.0734 
µ(mm-1) 3.775 3.758 3.752 3.753 3.752 
Tmax, Tmin 0.696, 0.543 0.716, 0.566 0.694, 0.565 0.682, 0.554 0.708, 0.594 
Data 4237 4161 4196 4166 4042 
Restraints 195 195 195 195 195 
Parameters 269 269 269 269 269 
R1(obs) 0.0401 0.0464 0.0427 0.0443 0.0476 
wR2(all) 0.0715 0.0842 0.0793 0.0857 0.0947 
S 1.041 1.047 1.053 1.058 1.030 
Peak, hole (e- Å-3) 0.84, -0.70 0.73, -0.66 0.88, -0.59 0.71, -0.73 0.72, -0.59 
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Space group P3"m1 
a (Å) 15.8509(6) 15.8375(6) 15.8557(6) 15.8701(7) 15.8973(9) 15.8892(8) 
b (Å) 15.8509(6) 15.8375(6) 15.8557(6) 15.8701(7) 15.8973(9) 15.8892(8) 
c (Å) 12.4594(6) 12.4482(5) 12.4718(5) 12.4870(6) 12.5253(7) 12.5166(9) 
α (°) 90 90 90 90 90 90 
β (°) 90 90 90 90 90 90 
γ (°) 120 120 120 120 120 120 
V (Å3) 2711.0(2) 2704.0(2) 2715.4(2) 2723.6(3) 2741.4(4) 2736.7(3) 
Z 1 1 1 1 1 1 
ρcalc (g cm-3) 1.920 1.925 1.917 1.912 1.899 1.902 
T (K) 190.02 200.00 225.00 250.00 275.01 300.01 
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
2θmin, 2θmax 6.778, 59.136 6.784, 58.954 6.774, 58.934 6.768, 59.258 6.506, 58.988 6.758, 59.248 
Nref 13706 14570 14544 14732 15294 14051 
R(int), R(σ) 0.0628, 0.0553 0.0649, 0.0558 0.0662, 0.0555 0.0677, 0.0563 0.0729, 0.0610 0.0692, 0.0631 
µ(mm-1) 3.735 3.744 3.729 3.717 3.693 3.700 
Tmax, Tmin 0.714, 0.587 0.694, 0.561 0.695, 0.566 0.707, 0.578 0.718, 0.566 0.694, 0.517 
Data 2353 2468 2464 2409 2501 2452 
Restraints 17 17 17 17 17 17 
Parameters 106 106 106 106 106 106 
R1(obs) 0.0494 0.0459 0.0486 0.0542 0.0531 0.0552 
wR2(all) 0.1039 0.1011 0.1051 0.1155 0.1159 0.1189 
S 1.020 1.051 1.053 1.051 1.041 1.038 
Peak, hole (e- Å-3) 0.85, -1.00 0.96, -0.95 0.95, -1.19 0.80, -1.25 0.83, -0.79 0.67, -0.92 
 24 




Space group P3"m1 
a (Å) 16.0555(2) 16.0559(3) 16.0473(3) 16.0428(3) 15.9954(7) 
b (Å) 16.0555(2) 16.0559(3) 16.0473(3) 16.0428(3) 15.9954(7) 
c (Å) 12.2192(2) 12.2604(2) 12.3338(2) 12.3957(2) 12.4065(6) 
α (°) 90 90 90 90 90 
β (°) 90 90 90 90 90 
γ (°) 120 120 120 120 120 
V (Å3) 2727.86(10) 2737.18(10) 2750.63(11) 2762.89(11) 2749.0(3) 
Z 1 1 1 1 1 
ρcalc (g cm-3) 2.145 2.138 2.128 2.118 2.129 
T (K) 99.91 125.02 150.11 175.10 200.20 
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 
2θmin, 2θmax 6.742, 59.318 6.646, 59.178 6.606, 59.272 6.724, 59.360 6.738, 59.486 
Nref 22004 22039 22220 22236 22350 
R(int), R(σ) 0.0630, 0.0386 0.0649, 0.0396 0.0638, 0.0392 0.0650, 0.0408 0.0675, 0.0420 
µ(mm-1) 3.140 3.129 3.114 3.100 3.116 
Tmax, Tmin 0.857, 0.676 0.857, 0.676 0.858, 0.677 0.859, 0.678 0.859, 0.680 
Data 2612 2623 2637 2651 2657 
Restraints 17 17 17 17 17 
Parameters 106 106 106 106 106 
R1(obs) 0.0363 0.0390 0.0329 0.0328 0.0336 
wR2(all) 0.0717 0.0760 0.0718 0.0737 0.0740 
S 1.194 1.155 1.066 1.099 1.074 
Peak, hole (e- Å-3) 0.85, -0.75 0.80, -0.75 0.76, -0.80 0.76, -1.09 0.75, -0.90 
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Space group P3"m1 
a (Å) 16.0630(3) 16.0702(3) 16.0818(3) 16.0906(4) 
b (Å) 16.0630(3) 16.0702(3) 16.0818(3) 16.0906(4) 
c (Å) 12.4534(3) 12.4759(3) 12.5063(3) 12.5353(3) 
α (°) 90 90 90 90 
β (°) 90 90 90 90 
γ (°) 120 120 120 120 
V (Å3) 2782.72(12) 2790.28(13) 2801.11(13) 2810.68(14) 
Z 1 1 1 1 
ρcalc (g cm-3) 2.103 2.097 2.089 2.082 
T (K) 225.11 250.07 275.01 300.05 
λ (Å) 0.71073 0.71073 0.71073 0.71073 
2θmin, 2θmax 6.710, 59.218 6.704, 59.164 6.698, 59.136 6.690, 59.356 
Nref 22516 22651 22731 22794 
R(int), R(σ) 0.0684, 0.0425 0.0679, 0.0426 0.0696, 0.0439 0.0741, 0.0463 
µ(mm-1) 3.078 3.070 3.058 3.047 
Tmax, Tmin 0.860, 0.681 0.860, 0.682 0.861, 0.683 0.861, 0.683 
Data 2673 2685 2693 2697 
Restraints 17 17 17 17 
Parameters 106 106 106 106 
R1(obs) 0.0360 0.0371 0.0396 0.0385 
wR2(all) 0.0826 0.0868 0.0931 0.0918 
S 1.074 1.098 1.074 1.074 
Peak, hole (e- Å-3) 0.95, -0.68 0.76, -1.04 0.76, -1.09 0.96, -0.92 
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Table 1.7: Crystallographic data for unary SACs. Crystal data for Co6Te8(PEt3)6 at room temperature has been reported27. 
Compound [Co6S8(PEt3)6][C7H8] [Co6Se8(PEt3)6][C7H8] [Co6Te8(PEt3)6] 
Formula C43H98Co6P6S8 C43H98Co6P6Se8 C36H90Co6P6Te8 
MW 1411.09 1786.29 2083.27 
Space group R3" P1" R3" P1" 
a (Å) 16.765(2) 16.9491(7) 11.6534(7) 17.1316(6) 12.1664(4) 
b (Å) 16.765(2) 16.9491(7) 11.7631(7) 17.1316(6) 13.0458(5) 
c (Å) 19.201(3) 19.2886(8) 11.7664(5) 19.4810(8) 20.1918(8) 
α (°) 90 90 93.439(4) 90 88.869(3) 
β (°) 90 90 90.535(4) 90 86.318(3) 
γ (°) 120 120 94.120(5) 120 70.724(2) 
V (Å3) 4668.6(13) 4798.7(5) 1605.72(15) 4951.5(4) 3018.9(2) 
Z 3 3 1 3 2 
ρcalc (g cm-3) 1.506 1.465 1.847 1.797 2.292 
T (K) 100.01 293.00 100.01 293.00 100.01 
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 
2θmin, 2θmax 7.040, 59.260 6.976, 52.738 6.940, 59.312 6.904, 58.950 6.618, 59.526 
Nref 14634 3963 8273 13363 18995 
R(int), R(σ) 0.0964, 0.0716 0.0570, 0.0884 0.0490, 0.0717 0.0583, 0.0512 0.0550, 0.0573 
µ(mm-1) 2.013 1.959 6.225 6.056 5.583 
Tmax, Tmin 0.875, 0.806 0.875, 0.829 0.436, 0.400 0.611, 0.464 0.609, 0.331 
Data 2628 3963 8273 2760 18995 
Restraints 87 7 156 8 216 
Parameters 137 103 362 102 524 
R1(obs) 0.0431 0.0428 0.0548 0.0382 0.0580 
wR2(all) 0.0929 0.0876 0.1413 0.0770 0.1575 
S 1.062 0.906 0.978 1.022 1.033 




Figure 1.7: Molecular structure of Co6S8(PEt3)6. S, green; Co, blue; P, orange; C, black. 
Hydrogen atoms are removed to clarify the view. Disordered toluene not depicted. 
 
Figure 1.8: Molecular structure of Co6Se8(PEt3)6. Se, yellow; Co, blue; P, orange; C, black. 




Figure 1.9: Crystal structure of [Co6Se8(PEt3)6][C60]2. Se, yellow; Co, blue; P, orange; C, black. 
Hydrogen atoms are removed to clarify the view.  
 
Figure 1.10: Crystal structure of [Co6Te8(PEt3)6][C60]2. Te, red; Co, blue; P, orange; C, black. 
Hydrogen atoms are removed to clarify the view. 
 
Lattice measurements: For observing the trends in cell dimensions with varying temperature, we 
measured the lattices as accurately as possible in CrysAlisPro. The data sets were fitted with the 
Proffit module to generate accurate 3D reflection profiles, and the resulting peak tables were 
recycled into Ewald Explorer. These were indexed with an extremely small (0.02*h) peak 
matching window, which ensured that the lattice measurements used an accurately measured 
subset of the diffraction data. Since the fully refined crystal structures used the complete data sets, 
the lattice parameters reported in the attached .cif files are somewhat less precise. 
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[Co6Se8(PEt3)6][C60]2, P!" phase: The crystal was a non-merohedral twin by a twofold rotation 
around (11$1). When the structure was solved from the isolated reflections of the major component, 
it was clear that each domain was additionally twinned by the common merohedral twin operation 
2(110). A four-component HKLF 5 file was prepared by hand, but the weak reflections of the 
minor non-merohedrally related domain did not improve the refinement. Instead, an HKLF 4 file 
was generated from the isolated reflections of the first component, rejecting all overlapped 
reflections. This was treated routinely as a merohedral twin. The strongly anisotropic ADPs of the 
ordered C60 required the use of RIGU to stabilize the refinement. 
[Co6Se8(PEt3)6][C60]2, P!"m1 phase: For [Co6Se8(PEt3)6][C60]2, the isolated reflections of the 
major twin component were selected as described above. Each structure was solved using ShelXT 
to locate all non-H atoms of the cluster and to approximately locate the C60. The entire PEt3 ligand 
is disordered over the mirror plane in this phase, so the alkyl groups were located with the help of 
DFIX restraints for the beginning stage of the refinement.  
When a reasonable starting model was constructed, the C60 was introduced as a rigid 
fragment from the IMGL. The C60 was introduced in three independent positions, with total 
occupancy of 1/6 determined by its 3m. site symmetry. The three independent C60 molecules were 
restrained to be concentric by the use of a dummy atom lying on the crystallographic threefold 
axis. Furthermore, a floating “target” atom was located on the threefold axis at a distance of about 
3.5 Å, the diameter of a C60 molecule. Each independent C60 had a dummy atom included in its 
rigid body model: one on a C atom, one in the center of a 5-membered ring, one in the center of a 
six-membered ring. Each of these three dummy atoms was restrained to lie near the “target” atom 
with a moderate esd on the restraint. The result was a model in which the C60 molecular threefold 
axis, the molecular fivefold axis, or a carbon atom could align with the crystallographic threefold 
 30 
axis. The occupancies of these three possibilities were refined. Due to extensive correlation 
between ADPs, a single isotropic group ADP was refined for all C60 carbon atoms in each structure. 
The refinements were very unstable, as expected for a model with many overlapping atoms on a 
special position, and DAMP was employed carefully with moderate weight to stabilize the 
refinement without introducing bias. 
 
The refinements show that the fullerene in [Co6Se8(PEt3)6][C60]2 does not significantly prefer any 
orientation in the P3$m1 phase, although we note that the low-temperature P3$ phase entails a perfect 
alignment of the molecular and crystallographic threefold axes 
 
Co6S8(PEt3)6•C7H8: The crystal was slightly cracked, and the resulting split reflections were 
treated as a non-merohedral twin with a small 3° rotation around an arbitrary axis. The weaker 
isolated reflections of the second component were omitted.  
 
Nanoindentation 
The Young’s modulus (ESAC ) measurements of the SACs were done through 
nanoindentation (MTS Nanoindenter XP). The average of at least seven indents was taken to 
determine the elastic modulus, calculated by measuring the indentation load at a given 
penetration depth into the surface. This penetration depth was set at 1,000 nm to minimize the 
effect of the 60–70 nm gold coating on each of the SACs, required for stability in air. This value 
is well beyond the 10% threshold established as a rule of thumb for minimizing substrate 
effects43.  
To provide a representative sample of the process for calculating the Young’s modulus, the 
raw nanoindentation data for an indent on a gold-coated [Co6Se8][C60]2 SAC is provided in Fig. 
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1.11.  The Young’s modulus is calculated by using the slope of the unloading curve, which is 
shown as dP/dh.  This slope is taken to be the unloading stiffness, S, and is related to the effective 
Young’s modulus (Ef), which includes the elasticity of the SAC crystal and indenter tip43, through 
equation (1.1). In equation (1.1), A is the contact area at a given depth calculated using an area 
function based on the geometry of the pyramidal Berkovich indenter tip used in this study and b 
is a correction factor between 1 and 1.058 that is also given by the shape of the tip. For our tip b  
is 1.058. The Young’s modulus of the SAC, ESAC, can then be calculated using equation (1.2), 
where EI is the Young’s modulus of the indenter tip and s is the Poisson ratio. A representative 







  The full nanoindentation results for the SACs are provided in Table 1.8. The Young’s modulus 
and the corresponding sound speed are estimated using a Poisson ratio ranging from 0.2 to 0.35. 
The SACs with a lighter chalcogenide are stiffer while co-crystallization with C60 superatoms 
also increased stiffness. The Young’s modulus of the gold films is approximately 55 GPa44. This 
difference supports our decision to neglect the effect of the gold films when performing this 
analysis. 
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Figure 1.11: Representative nanoindentation curves for the loading and unloading of an 
indent on a [Co6Se8(PEt3)6][C60]2 crystal.  
 
Calculation of longitudinal and transverse sound speeds   
To calculate the longitudinal and transverse 
 sound speeds29, the measured ESAC and a range of Poisson ratios (s) from 
0.2 to 0.35 were used (estimates are based on available measurements on C60 and C70 crystals).  
The average sound speed ( ) was obtained through averaging the longitudinal and two 
transverse components, . The nominal average sound speed is assumed at a 
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[Co6S8] 4.0 ± 0.8 1906 1018  
[Co6Se8] 2.3 ± 0.1 1313 702  
[Co6Te8] 0.62 ± 0.03 608 325  
[Co6Se8][C60]2 8.1 ± 0.5 2399 1282  
[Co6Te8][C60]2 1.3 ± 0.4 907 485  
 
Table 1.8: Young’s modulus and sound speed from nanoindentation at room temperature. # 
The nominal sound speed value is calculated using a poisson ratio of 0.3 in the equations shown 
above.  The uncertainty in the average sound speed is calculated using the upper and lower bound 
in the Young’s modulus and a Poisson ratio between 0.35 and 0.2 (taken from measurements45 
made on C60 and C70).  
 
Minimum thermal conductivity model calculations 
 






where kB is the Boltzmann constant, n is the number density of oscillators, i indexes polarization 






 is the 
Debye temperature with kB is the reduced Planck’s constant and w is the angular vibrational 
frequency. 
The kmin trends are calculated using equation (1.3) with values for the longitudinal and 
transverse sound speeds from Table 1.8 and the number density (n) from the Tables 1.9 and 1.10 
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Number of atoms 
per unit cell at 
300 K 
Volume of unit 
cell (m3) at 300 K 
Number density,  
n (m-3) at 300 K 
[Co6S8] 
146 x 3 + 15 x 3  
(3 toluene) 
4798.7 x 10-30 1.01 x 1029 
[Co6Se8] 
146 x 3 + 15 x 3  
(3 toluene) 
4951.5 x 10-30 9.75 x 1028 
[Co6Te8] 146 x 2 3093.6 x 10-30 9.44 x 1028 
[Co6Se8][C60]2 266 2736.7 x 10-30 9.91 x 1028 
[Co6Te8][C60]2 266 2810.7 x 10-30 9.68 x 1028 
C60 60 x 4 2898.6 x 10-30 8.28 x 1028 
 
Table 1.9: Number density for kmin-atomic. For kmin-atomic, n = number of atoms per unit cell / 





unit cell at 300 K 
Number density, 
n (m-3) at 300 K 
[Co6S8] 3 + 3 (3 toluene) 2.50 x 1027 
[Co6Se8] 3 + 3 (3 toluene) 2.42 x 1027 
[Co6Te8] 2 1.30 x 1027 
[Co6Se8][C60]2 3 2.19 x 1027 
[Co6Te8][C60]2 3 2.13 x 1027 
C60 4 2.76 x 1027 
 
Table 1.10: Number density for kmin-super. For kmin-super, n = 2 x number of superatoms per unit 
cell / Volume of unit cell. 
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Modified Callaway model for thermal conductivity with Born-von Karman dispersion 
For an isotropic material, * = ;
<
∑>?@?
AB?, where j is the mode index for all phonons in the 
first Brillouin zone. The heat capacity per mode is given by >? = 	(?
DE
DF
, with f being the Bose-
Einstein distribution. The group velocity per mode @? is calculated with a Born-von Karman 
dispersion from the polarization-dependent sound speed (vi with i = L or T) determined from the 
measured Young’s modulus. Born-von Karman dispersion specifies that @? = cos J
KLMN
O
P, where qj 
is the magnitude of the mode wave vector and QR =
A3
(234T)7/8
, with N being the number density of 
primitive cells. For the lifetime,	B?,W , we assume that Umklapp scattering is dominant and has the 




, where A and B are fitting constants to the temperature-dependent thermal 
conductivity data22. 
 
Differential Scanning Calorimetry  
Differential scanning calorimetry (DSC) was performed using a TA Instrument Q20 to 
measure the heat capacity. The scans were run with 5–15 mg of SAC, which was loaded and 
sealed hermetically in Tzero aluminium pans inside a glove box. Heating and cooling DSC 
cycles were performed from 190 to 323 K and repeated at rates ranging from 5 to 
20 K min−1 with an isothermal period of five minutes between heating and cooling runs. The 
measured heat capacity for a piece of 7.1 mg reference Si crystal was within 3% of the 
published result over the entire temperature range. Before each run, the DSC was carefully 
calibrated with the Si reference to minimize drift in the machine. Uncertainty in the heat 
capacity of the SAC samples comes from the maximum variation across different 
measurements, and is about 5%. 
 
DFT Vibrational simulation 
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A first-principles-based harmonic vibrational analysis was performed to estimate the 
SAC heat capacity. The plane wave-based Vienna Ab-initio Simulation Package (VASP) was 
used to perform density functional theory and density functional perturbation theory 
calculations35. The Perdew–Burke–Ernzerhof (PBE) parameterized generalized gradient 
approximation (GGA) exchange–correlations were used in all the calculations, which were 
converged to 1 meV of the total energy. Ionic relaxation of the superatoms was performed 
until forces on each ion were less than 0.1 meV A−1. Isolated superatom vibrational analysis 
was performed to obtain the harmonic vibrational spectrum. Due to the large number of atoms 
per superatom (at least 146) and the unknown suitability of the van der Waals corrections in 
DFT for these SACs, we are unable to calculate the full Brillouin zone of inter-superatom 
modes. Each superatom was placed at the centre of a cubic simulation cell. A vacuum space 
of at least 4 Å on all sides of the simulation cell and a minimum energy cutoff of 450 eV were 
found to be sufficient after the energy convergence tests. We did not include spin-polarized or 
GGA + U corrections. 
Using the isolated SAC vibrational spectra, we evaluate the analytical expression for 
the volumetric heat capacity. For binary SACs co-crystallized with C60, the vibrational spectra 
of a C60 superatom and the relevant SAC were arithmetically added together based on their 
stoichiometric composition for the heat capacity calculation. For the heat capacity calculation 
of [Co6S8] and [Co6Se8], whose structures contain a toluene molecule, the vibrational 
spectrum of a toluene molecule and that of the corresponding superatom were arithmetically 
added together based on their stoichiometric composition. 
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Chapter 2. Oxidative Intercalations of a Superatomic Crystal 
2.1. Preface 
This chapter is based on a manuscript entitled “Single-crystal-to-single-crystal 
intercalation of a low-bandgap superatomic crystal”. I synthesized and intercalated all SAC 
samples and performed all IR and PXRD measurements. Dr. Daniel Paley conducted all SCXRD 
characterization. M. Tuan Trinh and Timothy L. Atallah in the Xiaoyang Zhu group conducted 
FTIR optical absorption measurements on the SAC samples. Rose L. Kann carried out device 
measurements on SAC samples with help from Dr. Giselle Elbaz and Amrita Masurkar . Maria V. 
Paley and Nilam Patel of the Andrew Crowther group at Barnard conducted all micro raman 
measurements. Dr. Jia Chen of the David Reichmann and Andrew Millis groups performed 
DFT+U calculations on the SAC system. 
 
2.2. Introduction 
Intercalation chemistry has a long history1,2 and continues to receive widespread attention 
due to its important technological applications in energy3–5, in the production of single 
layer nanosheets6–8, and for its ability to produce a wealth of exotic material properties9,10. 
Traditional intercalation hosts are layered solid state compounds exhibiting strong in-plane 
covalent bonding and comparatively weak interlayer van der Waals interactions. These features 
facilitate the inclusion of guests into the bulk of the solid without causing major structural 
modifications. When compared to atomic solids, superatomic crystals offer a unique opportunity 
to combine programmable building blocks and atomic precision to create hierarchical materials11–
15 with tunable collective properties, including semiconducting16 or metallic conductivity17, 
ferromagnetic ordering18, anomalous chiral response to pressure19 and coherent thermal 
conductivity20. As such, these materials bridge traditional semiconductors, molecular solids, and 
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nanocrystal arrays by merging some of their most attractive features21–24. The intercalation of 
superatomic crystals, however, remains a challenge25–29 because the weak intermolecular 
interactions responsible for establishing the crystalline and electronic structures are easily 
disrupted by entering guests, resulting in a loss of structural order and properties. One noteworthy 
example of success in this area is the intercalation of alkali metals into the fullerene cubic lattice, 
resulting in the emergence of superconductivity at temperatures as high as 38 K30. 
In this report, we assemble the molecular cluster Co6Te8(PnPr3)6 and C60 fullerene into a 
layered solid state material, [Co6Te8(PnPr3)6][C60]3, which can be intercalated with a redox-active 
guest, tetracyanoethylene (TCNE), via a solution-phase reaction (Fig. 2.1). Single crystal x-ray 
diffraction (SCXRD) is used to explicitly characterize the single-crystal-to-single-crystal (SC-SC) 
transformation and to precisely locate the intercalant within the host lattice. Electronic absorption 
spectroscopy, electronic structure calculations and electrical transport measurements show that the 
inclusion of TCNE into [Co6Te8(PnPr3)6][C60]3 is driven by the oxidation of the host structure by 
the intercalant. These results demonstrate that intercalation of superatomic crystals is an effective 
approach to tune the collective electrical and optical properties of such materials while preserving 
their atomic precision.  
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Figure 2.1: Superatomic intercalation. a, Schematic of the intercalation reaction. Color code: 
Co6Te8(PnPr3)6, yellow sphere; C60, grey sphere; TCNE, red sphere. b, Optical microscope images 
of single crystals of [Co6Te8(PnPr3)6][C60]3 and [Co6Te8(PnPr3)6][C60]3[TCNE]2, showing the SC-
SC transformation. Scale bars are 100 µm. c, Redox potentials of the isolated compounds 
Co6Te8(PnPr3)6, C60 and TCNE (refs. 12, 31and 32). Each redox couple is labeled above its 
corresponding potential level. Color code for Co6Te8(PnPr3)6: cobalt, navy; tellurium, gold; 
phosphorus, orange; carbon, dark grey.C60: carbon, dark grey. Color code for TCNE: carbon, red; 
nitrogen, light blue. Hydrogens are removed for clarity. 
 
2.3. Structural analysis and characterization of host compound 
Fig. 2.2a,b shows the layered structure of [Co6Te8(PnPr3)6][C60]3, as determined by 
SCXRD. The synthesis of Co6Te8(PnPr3)6 is described in the supplementary information33. To 
assemble [Co6Te8(PnPr3)6][C60]3, Co6Te8(PnPr3)6 is combined with three equivalents of C60 in 
toluene and black hexagonal crystals are obtained after ~12 h16. The structure of 
[Co6Te8(PnPr3)6][C60]3 is composed of alternating trigonal layers of Co6Te8(PnPr3)6 (cluster layer, 
CL) and C60 (fullerene layer, FL). FL adopts a close-packed, slightly corrugated arrangement with 
an average C60 centroid-to-centroid separation of 10.1 Å. Consistent with an approximate trigonal 
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symmetry, the stacking of the layers is pseudorhombohedral with an interlayer spacing of 18.4 Å. 
The structure is best described as arising from a small distortion of a rhombohedral (R3$m) 
aristotype. 
The stacking of CL and FL results in a pillared structure with a network of channels within 
CL that are occupied by the phosphine ligands and six toluene molecules per formula unit (shown 
in light blue in Fig. 2.2a). The ordering of the toluene molecules breaks the trigonal symmetry of 
the structure and the true resulting symmetry is a monoclinic subgroup of the aristotype. The 
structure occurs in monoclinic I2/m at moderate temperature (200 K) and in monoclinic C2/c with 
a doubled (Z = 4) unit cell at low temperature (100 K). Details of this phase transition, which forms 
a supercell through a disordered-ordered transition of a single C60, can be found in the 
supplementary information.  
When the toluene molecules included in [Co6Te8(PnPr3)6][C60]3 are removed in vacuo,  we 
observe changes in the powder x-ray diffraction (PXRD) pattern of the material that suggest some 
reorganization of the superstructure (Fig. 2.9). However, when the included toluene molecules are 
removed gently, for example by suspending the crystals in oil, a single-crystalline product is 
obtained. The desolvated crystals diffract to moderate (1.7 Å) resolution and show true 
rhombohedral (R3$m) symmetry. While the structure is disordered, the locations of the heavy atom 
Co6Te8P6 core and two independent C60 molecules reveal that the symmetry-breaking offset 
between layers is eliminated. These desolvated crystals match the idealized rhombohedral model 
discussed above.  
By comparing the Co–P and Co–Cotrans distances in [Co6Te8(PnPr3)6][C60]3 with those 
measured in clusters [Co6Te8(PR3)6]n+ of known oxidation states (n = 0, 1 and 2), we conclude that 
Co6Te8(PnPr3)6 bears a 1+ charge in the superatomic crystal (see Fig. 2.8 for details). These valence 
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assignments are consistent with the redox potentials of the individual superatomic components12 
(Fig. 2.1c), which predict transfer of one electron from each Co6Te8 unit to the C60 layer, 
corresponding to 1/3 of an electron per C60. Density functional theory with on-site Coulomb 
interaction (DFT+U) calculations34 support this hypothesis, assigning correct valency to both 
components. In our calculations, the U value was set to 2.0 eV and applied to Co d orbitals, which 
are an important component of the near-Fermi surface states. (Tests show that correct valence 
assignment are obtained for U values ranging from 1.0 to 3.0 eV, and that states from the Co6Te8 
unit are present at the Fermi level without including U in the calculations.) Raman spectroscopy 
also confirms this charge transfer (Fig. 2.11). Previous studies of C60 have demonstrated that the 
pentagonal pinch mode (A2g = 1469 cm−1) downshifts by ~6 cm−1 for every electron it accepts35. 
The room temperature solid state Raman spectrum of [Co6Te8(PnPr3)6][C60]3 shows a ~2 cm−1 shift 
of the A2g mode to 1467 cm−1, consistent with one electron delocalized over three C60 molecules. 
Additionally, the solubility of the crystals is consistent with an ionic lattice; the material 
spontaneously crystallizes from toluene and shows poor solubility in other non-polar solvents. The 
DFT+U calculations also indicate negligible hybridization between Co6Te8(PnPr3)6 and C60, 
further supporting the interpretation of ionic character presented above. 
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Figure 2.2: Crystal structures of the layered material before and after intercalation. a,b, 
Edge-on view (a) and top view (b) of the space-filling structure of [Co6Te8(PnPr3)6][C60]3. FL is a 
corrugated monolayer of C60 and CL contains Co6Te8(PnPr3)6 and six toluene molecules per 
formula unit, occupying interstitial sites. The toluene molecules are shown in (a) in light blue at 
50 % atomic radius. c,d, Edge-on view (c) and top view (d) of the space-filling structure of 
[Co6Te8(PnPr3)6][C60]3[TCNE]2. Cobalt, navy; tellurium, gold; carbon, dark grey. TCNE 
molecules are shown in red (carbon) and light blue (nitrogen) in (c) and (d). Hydrogens and 
phosphines are removed to clarify all the views. 
 
2.4. Structural analysis and characterization of intercalation compound 
The strategy to intercalate [Co6Te8(PnPr3)6][C60]3 was to displace the included toluene 
molecules with TCNE, a guest capable of exchanging charge with the host (Fig. 2.1c). By analogy 
to the intercalation of Br2 and alkali metals into graphite and many other layered solids, we sought 
to use the thermodynamic favorability of this redox process as the driving force for intercalation. 
Crystals of [Co6Te8(PnPr3)6][C60]3 are suspended in a solution of TCNE dissolved in a ~7:1 
volumetric mixture of pentane and toluene. After 72 h, the crystals are rinsed with pentane and 
SCXRD is used to determine the structure of the intercalated material. Crystallographic analysis 
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shows that the intercalation preserves the single crystallinity of the material, explicitly confirming 
the SC-SC transformation. Fig. 2.2c,d displays the crystal structure of the intercalation compound 
[Co6Te8(PnPr3)6][C60]3[TCNE]2, which contains two ordered TCNE molecules occupying 
interstitial sites in the gap between two C60 layers.  
Crystallographic analysis of [Co6Te8(PnPr3)6][C60]3[TCNE]2 reveals that the intercalation 
reaction occurs in two steps via a higher-symmetry rhombohedral intermediate. The intercalation 
compound occurs in I2/m and is isostructural with [Co6Te8(PnPr3)6][C60]3. If the transformation 
were to proceed directly with no intermediate, the orientation of the monoclinic b-axis would be 
preserved. Instead, the obtained crystals of [Co6Te8(PnPr3)6][C60]3[TCNE]2 are twinned by a 
threefold rotation around the pseudorhombohedral c-axis. This shows that the unique direction is 
lost by passing through a higher-symmetry intermediate. 
The intercalation process is driven by the oxidation of the host by TCNE. To verify this, 
the charge of each component was determined using vibrational spectroscopy and SCXRD. The 
Co–P and Co–Cotrans distances measured by SCXRD indicate that Co6Te8(PnPr3)6 is doubly 
oxidized in [Co6Te8(PnPr3)6][C60]3[TCNE]2 (see SI and discussion above). The position of the C60 
A2g mode in the Raman spectrum of the intercalation compound (1469 cm−1) is consistent with that 
of neutral C60. The solid state Fourier Transform Infrared (FT-IR) spectrum of this compound 
features absorption peaks at 2,187 and 2,147 cm−1 that align with vCN stretching modes 
characteristic of the TCNE radical monoanion36. No additional absorptions in the range 2,000-
2,500 cm−1 that would indicate the presence of neutral TCNE (vCN at 2,259 and 2,218 cm−1) are 
measured. From these measurements, we conclude that the charges in this intercalation compound 
are: [Co6Te8(PnPr3)62+][C600]3[TCNE−]2. These findings agree well with the redox potentials of the 
isolated components shown in Fig. 2.1c and in the DFT+U calculations. A series of empty gap 
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states belonging to the Co6Te8 core are found to accommodate two holes per Co6Te8(PnPr3)6 
cluster, in agreement with the charge assignments derived from SCXRD, Raman and IR 
measurements. 
 
2.5. Effect of intercalation on electronic material properties 
The oxidative intercalation of TCNE into the superatomic host results in dramatic changes 
to its electronic properties. To probe these changes, the mid-IR electronic absorption spectra of the 
materials was first measured37. The transmission measurements were performed on single crystals 
of [Co6Te8(PnPr3)6][C60]3 and [Co6Te8(PnPr3)6][C60]3[TCNE]2 under inert conditions (Fig. 2.3a). 
For the pristine material, bulk semiconducting absorption behavior was observed with a band edge 
absorption at ~0.07 eV.  
These electronic absorption measurements should be understood in terms of the formal 
valence considerations and electronic structure calculations. In [Co6Te8(PnPr3)6][C60]3, the 
absorptions at frequencies less than 1 eV are primarily due to electrons in the C60 conduction bands, 
broadened by rotational disorder of the fullerenes. Given the fractional occupancy per C60, the 
small experimental optical gap must arise from physics not included in the calculations, such as 
polaronic or disorder-induced localization or Wigner crystal formation. The projected density of 
states (PDOS) of [Co6Te8(PnPr3)6][C60]3 places the C60 LUMO edge just below the Fermi level, 
suggesting that electrons in the C60 conduction band serve as charge carriers in the pristine 
compound (Fig. 2.3b).  
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Figure 2.3: Optical absorption spectra and PDOS of layered material before and after 
intercalation. a, Mid-IR electronic absorption spectra of single crystals of [Co6Te8(PnPr3)6][C60]3 
(red) and [Co6Te8(PnPr3)6][C60]3[TCNE]2 (blue). b, PDOS calculated for [Co6Te8(PnPr3)6][C60]3 
(top) and [Co6Te8(PnPr3)6][C60]3[TCNE]2 (bottom). The states corresponding to C60, Co6Te8 core, 
and TCNE are individually displayed in black, red and blue, respectively. 
 
 The intercalation of TCNE into [Co6Te8(PnPr3)6][C60]3 significantly widens the optical 
bandgap of the material (Fig. 2.3a, blue). The main absorption presents a band edge at ~0.65 eV 
and features a tail absorption extending to the low energy range. To better understand the origin 
of this broad low energy feature, we synthesized and measured the absorption spectrum of the 
binary ionic compound [Co6Te8(PnPr3)62+][BF4-]2. Below 0.65 eV, the absorption spectrum of 
[Co6Te8(PnPr3)62+][BF4-]2 closely resembles that of [Co6Te8(PnPr3)6][C60]3[TCNE]2 and the sharp 
peaks in that range match well with the vibronic features of TCNE and the phosphine ligand 
(Fig. 2.13, 2.14). These results confirm that the strong absorption above 0.65 eV stems from C60.  
Sub-stoichiometric intercalation of the host ([Co6Te8(PnPr3)6][C60]3[TCNE]x, x < 2) 
provides insight into the intercalation process and its effects on the electrical conductivity of the 
host. We prepared these compounds by varying the amount of TCNE in the intercalating solution, 
and used elemental analysis (EA) to determine the stoichiometric ratio x and PXRD to monitor the 
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evolution of the structure with x. When the host is treated with more than two equivalents of TCNE 
per formula unit, the stoichiometric compound [Co6Te8(PnPr3)6][C60]3[TCNE]2 forms, as 
confirmed by EA, PXRD and IR spectroscopy (Table 2.1, Figs 2.10 and 2.12). The PXRD patterns 
of the sub-stoichiometric compounds change little with x, suggesting that the host can 
accommodate the whole composition range x = 0 − 2. Additionally, the structure becomes more 
stable as x increases and toluene molecules are replaced by non-volatile anionic TCNE−. For x = 
2, evacuating the crystals in vacuo results in no loss of single crystallinity, as measured by SCXRD.  
 
Figure 2.4: Electrical transport properties [Co6Te8(PnPr3)6][C60]3[TCNE]x. a, Room 
temperature conductivity (s) as a function of x in [Co6Te8(PnPr3)6][C60]3[TCNE]x. Error bars 
represent standard deviation across 6-10 devices. Inset shows representative current (I) versus 
voltage (V) curves. b, Plot of the conductance (G) versus 1/T for [Co6Te8(PnPr3)6][C60]3[TCNE]x. 
The Arrhenius fits, shown as solid lines are used to extract the activation energy Ea. Error bars that 
are not visible are included within the data point. 
 
The primary charge carriers in [Co6Te8(PnPr3)6][C60]3 are the transferred electrons in FL. 
This was suggested by DFT+U calculations and measurements of Seebeck coefficients confirm 
these findings (Fig. 2.16). The insertion of TCNE into the structure transfers the carrier electrons 
onto TCNE, resulting in a decrease of the material electrical conductivity (σ) and an increase of 
the thermal activation energy (Ea). Fig. 2.4 displays the electrical transport properties of 
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[Co6Te8(PnPr3)6][C60]3[TCNE]x as a function of x. At room temperature, σ ~0.2 S/m for x = 0 and 
decreases monotonically by four orders of magnitude as x increases (Fig. 2.4a). The conductance 
(G) decreases exponentially with decreasing temperature, indicating a thermally activated 
electrical transport behavior; Ea is extracted from the slope of the Arrhenius-type plot shown in 
Fig. 2.4b. [Co6Te8(PnPr3)6][C60]3 has an activation energy Ea ~0.2 eV that increases with x to reach 
Ea ~0.85 eV for x = 1.8. (The resistivity of the stoichiometric compound 
[Co6Te8(PnPr3)6][C60]3[TCNE]2 is too large upon cooling to reliably measure Ea, presumably 
because all the conducting electrons are localized on TCNE.) This increase of the thermal 
activation energy with increasing x agrees well with the optical measurements in Fig. 2.3a that 
show a widening of the bandgap to ~0.65 eV upon TCNE intercalation, and is consistent with the 
charge transfer predicted by the DFT+U calculations. 
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2.6. DFT+U Analysis 
From the PDOS of the intercalation compound (Fig. 2.3b), the HOMO and LUMO states 
are localized on TCNE and C60, respectively, with the first occupied state of C60 ~1.2 eV below its 
LUMO level. The molecular units within the crystal are too spatially separated to experience 
significant orbital hybridization, indicating that there is no significant optical transition from 
TCNE or Co6Te8(PnPr3)6 to the C60 LUMO states. Calculations of the absorption spectra for 
[Co6Te8(PnPr3)6][C60]3 and [Co6Te8(PnPr3)6][C60]3[TCNE]2 using Fermi golden rule are presented 
in Fig. 2.17. The calculated spectra feature a broad absorption from ~1.2 to ~2.2 eV; calculated 
dipole matrix elements show that this absorption stems from transition between C60 occupied states 
(hg orbital derived bands) to empty states (t1u orbital derived bands). The ~0.6 eV difference 
between the calculated and observed absorption thresholds may arise both from exciton binding 
effects38 and the underestimation of the single particle gap by DFT at the generalized gradient 
approximations (GGA) level39.  
 
2.7. Conclusions 
By designing a superatomic crystal with a layered structure, we have demonstrated an 
effective approach to insert guests into the material. The intercalation is a single-crystal-to-single-
crystal transformation and it opens the door to exciting opportunities to manipulate the optical, 
electronic and magnetic properties of superatomic crystals in much the same way that it has been 
used to tune atomic solids. These results chart a clear path to inserting a wide range of electron-
acceptors, electron-donors and magnetic guests into superatomic crystals, providing a novel design 
space for these materials. 
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2.7. Supplementary information 
Synthetic Details and Procedures 
Tri-n-propylphosphine and ferrocenium tetrafluoroborate were purchased from Sigma 
Aldrich. Dicobalt octacarbonyl and tellurium powder were purchased from Strem Chemicals. C60 
fullerene (99.5% assay) was obtained from BuckyUSA. Tetracyanoethylene (TCNE) was 
purchased from Alfa Aesar. All solvents were purchased from Fischer Scientific and were dried 
and deoxygenated by elution through a dual column solvent purification system (MBraun SPS). 
All reaction and sample preparations were carried out under inert atmosphere using Schlenk 
techniques or in a nitrogen-filled glovebox. Co6Te8(PnPr3)612 and [Co6Te8(PnPr3)6][BF4]240 were 
prepared according to literature procedures. 1H NMR and 31P spectra were acquired on Bruker 400 
and Bruker 500 spectrometers, respectively. Elemental analyses were performed by Robertson 
Microlit Laboratories.  
 
[Co6Te8(PnPr3)6][C60]3: The cluster Co6Te8(PnPr3)6 (111 mg, 0.048 mmol) and C60 (101 mg, 0.139 
mmol) were separately dissolved in 7 mL and 40 mL toluene, respectively. The solutions were 
filtered through 0.2 µm PTFE filters and combined into a 60 mL bottle. Black crystals grew over 
~12 h. The solution was decanted, the crystals were washed with pentane (2 ´ 2 mL) and dried in 
vacuo. Yield: 158 mg (75 %). Analysis (calculated, found for C234H126Co6Te8P6): C (62.49, 62.18), 
H (2.82, 2.53). 
 
[Co6Te8(PnPr3)6][C60]3[TCNE]2: TCNE (5 mg, 0.040 mmol) was dissolved in toluene (2 mL) and 
filtered through a 0.2 µm PTFE filter. The solution was diluted with pentane (13 mL) and 
transferred to a vial containing [Co6Te8(PnPr3)6][C60]3 (50 mg, 0.010 mmol). After 72 h, the 
solution was decanted and the crystals were rinsed with pentane and dried in vacuo. Yield: 45 mg 
(95 %). Analysis (calculated, found for C246H126Co6Te8P6N8): C (62.15, 63.17), H (2.67, 2.72), N 
(2.36, 2.42). 
 
[Co6Te8(PnPr3)6][BF4]2: Ferrocenium tetrafluoroborate (35 mg, 0.128 mmol) was dissolved in 6.5 
mL of acetonitrile. In a separate vial, Co6Te8(PnPr3)6 (150 mg, 0.064 mmol) was dissolved in 6.5 
mL of tetrahydrofuran. The solution of ferrocenium tetrafluoroborate was filtered through a 0.2 
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µm PTFE filter and added to the cluster solution. After stirring the reaction for 2 h, the solution 
was filtered through a 0.2 µm PTFE filter and the solvent was evaporated under reduced pressure. 
The brown solid was washed with toluene (10 mL), and dried in vacuo. This solid was then 
dissolved in dichloromethane (1 mL) and filtered through a 0.2 µm PTFE filter. The solution was 
layered with toluene (4 mL) and left to inter-diffuse at -40ºC for 9 days. The solution was decanted, 
leaving large brown rhombohedral crystals, which were subsequently washed with toluene (2 mL) 
and hexanes (2mL). Yield: 141 mg (88 %).  
1H NMR (400 MHz, [d3-acetonitrile], 298 K): δ = 1.05-1.10 (3H, t), 1.55-1.68 (2H, m), 1.86-1.96 
(2H, m). 
 
To prepare sub-stoichiometric intercalation compounds [Co6Te8(PnPr3)6][C60]3[TCNE]x, 
we varied the equivalency TCNE: [Co6Te8(PnPr3)6][C60]3 stoichiometric ratio. Elemental analysis 
(CHN) was used to determine the TCNE fraction, x, assuming that the nitrogen in each material 
comes from intercalated TCNE. This assumption introduces a small error as indicated by our 
results for [Co6Te8(PnPr3)6][C60]3[TCNE]2. Indeed, elemental analysis suggests that x = 2.1 while 
SCXRD and spectroscopy suggest x = 2.0. These small discrepancy has no bearing on our overall 
conclusions. Experimental and theoretical values for the elemental analyses of each material are 
listed in Table 2.1. 
Table 2.1: Elemental analysis of [Co6Te8(PnPr3)6][C60]3[TCNE]x at different TCNE 
intercalating equivalencies. 
Eq. TCNEa %C Theo. %C Obs. %H Theo. %H Obs. %N Theo. %N obs. x 
0 62.49 62.18 2.82 2.53 0.00 <0.02 0 
0.5 62.39 61.26 2.78 2.78 0.67 0.59 0.5 
1.2 62.28 62.59 2.73 3.02 1.45 1.19 1.0 
1.5 62.22 61.11 2.70 2.48 1.85 1.55 1.3 
2.0 62.15 62.01 2.67 2.82 2.36 2.06 1.8 
5.0 61.71 63.17 2.47 2.76 5.45 2.42 2.1b 
a Equivalent of TCNE in the intercalation solution. 
b We observe 2.0 equivalents of TCNE by SCXRD and see no evidence of neutral TCNE by Raman 
and IR spectroscopy. 
Single Crystal X-Ray Diffraction 
Single-crystal XRD data were collected on an Agilent SuperNova diffractometer using 
mirror-monochromated Cu Ka radiation. Crystals were mounted in oil on a MiTeGen microloop 
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and cooled to 100 K with an Oxford-Diffraction Cryojet system. Data collection, integration, 
scaling (ABSPACK) and absorption correction (face-indexed Gaussian integration41 or numeric 
analytical methods42) were performed in CrysAlisPro43. Structures were solved by direct methods 
in ShelXT44 or by charge flipping in SuperFlip45. Subsequent refinement was performed by full-
matrix least-squares on F2 in ShelXL. Olex246 was used for viewing and to prepare CIF files. 
PLATON47 was used extensively for SQUEEZE48, ADDSYM49 and TwinRotMat. Many 
disordered solvent molecules were modeled as rigid fragments from the Idealized Molecular 
Geometry Library50. ORTEP graphics were prepared in CrystalMaker51. Thermal ellipsoids are 
rendered at the 50 % probability level. Details of crystallographic data and parameters for data 
collection and refinement are in Table 2.2. Selected crystallographic data for compounds 
[Co6Te8(PnPr3)6][C60]3[C7H8] (titled [Co6Te8(PnPr3)6][C60]3 in the manuscript), desolvated 
[Co6Te8(PnPr3)6][C60]3, and [Co6Te8(PnPr3)6][C60]3[C6N4]2 are provided in Table 2.2. Non-routine 
details of the refinements are given here: 
 
[Co6Te8(PnPr3)6][C60]3[C6N4]2: 
The crystal was a threefold pseudomerohedral twin with the reciprocal axis -1 0 1 as the 
twin axis. Since the layers of the pseudo-rhombohedral structure are defined by the direct axes 010 
and 101, the twin axis is the normal to the layers, which is the threefold axis of the desolvated 
rhombohedral intermediate. 
The quality of the crystal was moderate and some reflections were anisotropically 
broadened, which caused some unexpected overlap of the twin domains. The twinning model was 
optimized in CrysAlisPro, but some unexpected overlap was still revealed in a high K value (group 
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<Fo/Fc>) for the weakest reflections. It was necessary to restrain all anisotropic ADPs with a global 
RIGU restraint. 
The Co6Te8 cluster is centered at (0,0,0) (crystallographic site symmetry 2/m) but the 
molecular symmetry of the cluster is -1. Therefore the cluster has ½ molecule in the asymmetric 
unit and is disordered over a twofold axis. To stabilize the cluster geometry, all individual PnPr 
moieties were made equivalent with SAME.  
One fullerene is disordered over a crystallographic twofold axis (centroid at .314 .5 .872) 
and further disordered over two independent positions. This molecule was introduced as two 
independent idealized C60 fragments from the Idealized Molecular Geometry Library and refined 
as rigid fragments.  
The other fullerene shows the same disorder as the Co6Te8 cluster. The crystallographic 
site symmetry is 2/m, and since C60 is centrosymmetric, there is ½ molecule in the asymmetric 
unit and a second disordered position is generated by symmetry. The molecule was refined as a 
C60 fragment with rigid idealized geometry. 
Finally, the TCNE molecule is disordered over a mirror plane. The geometry was stabilized 
with the following restraints: all 1,2- and 1,3- C-C and C-N distances were made equivalent with 
SADI. The nitrile C-C-N moieties were further made equivalent with “floating” DFIX instructions, 
and the the sum C1-C2 + C2N3 was made equal to C1-N3 with a SUMP instruction. Thus, each C-
C-N was restrained to be approximately linear. 
All ADPs were restrained with a global RIGU instruction. Overlapping ADPs were 
controlled with a short-range SIMU instruction. The PnPr3 ligands and TCNE anion were 
restrained with standard SIMU instructions. Finally, one carbon atom in the disordered fullerene 
had unstable ADPs because it overlapped with a symmetry-equivalent atom from the other 
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component of the disorder. This was restrained by making the two atoms’ Uij components 
equivalent after transforming by the mirror plane. 
 
Desolvated [Co6Te8(PnPr3)6][C60]3: 
 The crystal was good quality but the diffraction fell off to I/s(I) < 1 at approximately 0.9 
Å resolution, consistent with moderate disorder caused by loss of solvent. The cell metric and 
merging R factors indicated the structure was rhombohedral.  
The structure was solved in R-3m with the cluster Co6Te8P6 core fully ordered and the nPr 
chains disordered over the mirror plane. All 1,2- and 1,3- P-C, C-C, and Co-C distances were 
restrained with DFIX instructions using target distances measured from high-quality, locally 
determined structures of monocationic Co6Te8(PR3)6 clusters.  
The two independent C60 molecules each occupy high-symmetry positions and are 
disordered by symmetry (one 3m and the other -3m). They were refined as rigid fragments from 
the Idealized Molecular Geometry Library. 
Co, Te and P ADPs were refined anisotropically with no restraints. C atoms were refined 
with isotropic ADPs. The PnPr3 C atoms had no further restraints; the C60 C atoms were restrained 
with a SIMU instruction because the extensively overlapping ADPs of the disordered atoms were 
unstable. 
Analysis in PLATON showed the primitive cell contains a void of ~800 Å3 with diffuse 
density corresponding to 110 e-. For comparison, the molecular volume of liquid toluene is 
approximately 175 Å3 /molecule. Since the fully solvated [Co6Te8(PnPr3)6][C60]3 contains 6 toluene 
molecules (= 300 e-) per cluster, the finding from PLATON is consistent with partial (~65%) loss 
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All parts of the structure are extensively disordered, but these were modeled using standard 
techniques. One fullerene is located on a general position and disordered over three independent 
orientations, which were located and refined as rigid fragments. Another fullerene is located on an 
inversion center and disordered over two independent positions. All phosphine alkyl groups and 
two P atoms are disordered over two or three positions. All toluene molecules (6 per cluster; 3 in 
the asymmetric unit) are disordered and were located as rigid fragments and subsequently refined 
with the aid of SAME and FLAT instructions. 
Besides these routine elements of disorder, the structure did present several unusual 
challenges. Notably, the refinement displayed large (up to 10 e- Å-3) difference peaks around the 
heavy atoms until the disorder of the fullerenes had been modeled in detail. In addition, the 
structure has a very close pseudotranslation by a/2 + c/2, which is basically owed to a non-
crystallographic mirror perpendicular to b and bisecting the Co6Te8 cluster. This pseudosymmetry 
probably contributed to the instability of the refinement. We note that a phase transition at 
moderate temperature converts the low-temperature Z = 4 cell to a Z = 2 cell (monoclinic, I2/m) 
in which this pseudotranslation becomes a lattice vector. The refinement was stabilized with RIGU 
restraints on all C atoms, a short-range SIMU instruction for overlapping atoms, and extensive 
SAME restraints on equivalent structural fragments. 
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Table 2.2: Selected crystallographic data. 
Compound [Co6Te8(PnPr3)6][C60]3[C7H8]6 [Co6Te8(PnPr3)6][C60]3[C6N4]2 [Co6Te8(PnPr3)6][C60]3 
Formula C276H174Co6P6Te8 C246H126Co6N8P6Te8 C234H126Co6P6Te8 
MW 5050.67 4754.01 4497.82 
Space group C2/c I2/m !3#$ 
a (Å) 29.47019(18) 26.5695(10) 16.9985(4) 
b (Å) 17.35340(7) 17.0560(5) 16.9985(4) 
c (Å) 38.00346(16) 21.1219(8) 55.6840(15) 
α (°) 90 90 90 
β (°) 103.9803(7) 104.260(4) 90 
γ (°) 90 90 120 
V (Å3) 18859.57(17) 9276.9(6) 13934.2(7) 
Z 4 2 3 
ρcalc (g cm-3) 1.779 1.702 1.608 
T (K) 100 102 100 
λ (Å) 0.71073 1.54184 0.71073 
2θmin, 2θmax 4.642, 55.762 8.638, 148.418 6.636, 46.506 
Nref 229841 20903 39807 
R(int), R(σ) 0.0392, 0.0205 0.072, 0.0466 0.0450, 0.0168 
µ(mm-1) 1.847 14.817 1.864 
Tmin, Tmax 0.803, 0.860 0.293, 0.550 0.858, 0.936 
Data 21558 20903 2483 
Restraints 6437 770 18 
Parameters 2622 534 72 
R1(obs) 0.0472 0.1048 0.0933 
wR2(all) 0.1246 0.2957 0.3068 
S 1.066 1.190 1.066 
Peak, hole (e- Å-3) 1.72, -1.15 2.27, -1.43 1.50, -0.63 
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Figure 2.5: Crystal structure of [Co6Te8(PnPr3)6][C60]3[C7H8 ]6. Te, teal; Co, navy blue; P, pink; C, 
black. Hydrogen atoms are removed to clarify the view. 
 
Figure 2.6: Crystal structure of [Co6Te8(PnPr3)6][C60]3[TCNE]x. Te, teal; Co, navy blue; P, pink; C, 
black; N, powder blue. Hydrogen atoms are removed to clarify the view. 
 
Figure 2.7: Crystal structure of [Co6Te8(PnPr3)6][C60]3. Te, teal; Co, navy blue; P, pink; C, black. 
Hydrogen atoms are removed to clarify the view. 
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X-ray structural analysis of cluster oxidation state 
Following an approach previously described by Choi et al11, we analyzed a set of 22 crystal 
structures of Co6Te8(PR3)6 cluster in unambiguous neutral, 1+, and 2+ oxidation states. The results are 
summarized in Fig. 2.8. Each successive oxidation of the cluster causes a ~0.1 Å contraction of the Co6 
core and a ~0.03 Å lengthening of the average Co-P bond. The structures of Co6Te8(PnPr3)6, 
[Co6Te8(PnPr3)6][C60]3[C7H8]6, [Co6Te8(PnPr3)6][C60]3, and [Co6Te8(PnPr3)6][C60]3[TCNE]2 are 
consistent with clusters in the neutral, 1+, 1+, and 2+ oxidation states. 
 
Figure 2.8: Plot of Co-P and Co-Co interatomic distances for Co6Te8(PR3)6 clusters in 0, 1+ and 
2+ oxidation states. The oxidation states of Co6Te8(PnPr3)6n+ from host and intercalation compounds 




Powder x-ray diffraction (PXRD) 
PXRD patterns were acquired on a PANalytical X’Pert 3 Powder diffractometer. Samples were 
prepared on a zero-background Si plate inside of a N2 filled glove box and were sealed with a Kapton 
film. The Kapton film generated a broad signal centered at ~20º, which was subtracted in 
HighscorePlus. 
The collected diffraction patterns for [Co6Te8(PnPr3)6][C60]3[C7H8]6 are in good agreement with 
the simulated powder patterns generated from the SCXRD data and there are no indications of 
amorphous content, confirming the purity of the crystalline phase (Fig. 2.9). Small crystals were evenly 
dispersed, uncrushed, on a zero-background Si plate and covered with a kapton film, as the crushing of 
the crystals leads to rapid desolvation of the compound. We note that the material 
[Co6Te8(PnPr3)6][C60]3[C7H8]6 grows as thin plates that tend to pack with a preferred orientation on the 
substrate. We also note that the simulated patterns were generated from SCXRD run at 100 K, while 
the PXRD patterns were collected at room temperature, and that some of the solvates are removed from 
the crystal lattice under ambient conditions. Taken together, these details account for the differences 
between the experimental PXRD patterns and the simulated ones. This is supported by the fact that the 
intensity of the [002] and especially that of the [004] peaks are much stronger in the experimental 




Figure 2.9: PXRD characterization. PXRD patterns of (a) [Co6Te8(PnPr3)6][C60]3[toluene]6 and (b) 
desolvated [Co6Te8(PnPr3)6][C60]3. (c) shows the PXRD pattern of [Co6Te8(PnPr3)6][C60]3[toluene]6, 
calculated from SCXRD data. * identifies a peak associated with the desolvated structure in (a).  
 
Fig. 2.10 shows the PXRD patterns for [Co6Te8(PnPr3)6][C60]3[TCNE]x. The diffraction patterns 
for [Co6Te8(PnPr3)6][C60]3[TCNE]1.0, [Co6Te8(PnPr3)6][C60]3[TCNE]1.3 and 
[Co6Te8(PnPr3)6][C60]3[TCNE]2.1 are in good agreement with that of [Co6Te8(PnPr3)6][C60]3[C7H8]6. 
The diffraction pattern for [Co6Te8(PnPr3)6][C60]3[TCNE]0.5 is broad and contains some peaks that can 
be attributed to desolvated [Co6Te8(PnPr3)6][C60]3.  
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Figure 2.10: PXRD patterns of [Co6Te8(PnPr3)6][C60]3[TCNE]x. 
 
Raman spectroscopy 
For micro-Raman measurements, a 40x, 0.6 N.A. objective in a Nikon Ti/U inverted 
microscope focuses 30 µW of 532-nm light from a solid-state laser onto the sample. The resulting 
Raman scattered light goes through a 75-micron confocal pinhole, into a Princeton Instruments 300 
mm spectrometer with a 1200 g/mm grating, and onto a Princeton Instruments PIXIS-400 CCD array 
detector.  The instrument resolution is 5 cm-1, determined from the full width at half maximum of the 
mercury emissions lines used to calibrate the spectrometer. 
The fullerene A2g pentagonal pinch mode at 1469 cm-1 is an excellent charge-transfer probe, 
shifting 6 cm-1 to lower energy for each electron accepted by C6052. Fig. 2.11 shows the pentagonal 
pinch peak for [Co6Te8(PnPr3)6][C60]3, [Co6Te8(PnPr3)6][C60]3[TCNE] and 
[Co6Te8(PnPr3)6][C60]3[TCNE]2. We fit these peaks to a Voigt function, which is a convolution of the 
Gaussian instrument resolution and the expected Lorentzian lineshape of the fullerene. The peak 
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positions and uncertainties come from determining the average and standard deviation of measurements 
on multiple samples. We acquire data for 600s and consecutive spectra are taken on the same sample 
location to ensure there is no sample degradation.   
For [Co6Te8(PnPr3)6][C60]3[C7H8]6, the pentagonal pinch mode occurs at 1467.7 ± 0.7 cm-1 (Fig. 
2.11), indicating approximately 0.2 electrons have transferred to each of the three fullerenes, a result 
consistent with the standard reduction potentials (Fig. 2.1c) and the cluster bond length analysis (Fig. 
2.8), which predict that the cluster will donate 1 electron and each fullerene will accept 0.33 
electrons. For [Co6Te8(PnPr3)6][C60]3[TCNE] and [Co6Te8(PnPr3)6][C60]3[TCNE]2, the pentagonal 
pinch mode occurs at 1469 ± 0.5 cm-1 (Fig. 2.11), showing that TCNE extracts electrons from the C60 
superatoms, returning their A2g mode to the frequency characteristic of neutral C60. 
 
 
Figure 2.11: Raman spectra of [Co6Te8(PnPr3)6][C60]3 (black), [Co6Te8(PnPr3)6][C60]3[TCNE] 






 Fourier-transform infrared (FTIR) spectra were obtained using a Perkin Elmer Spectrum 400 
spectrometer using a PIKE ATR attachment. Fig. 2.12 shows the IR spectrum of 
[Co6Te8(PPr3)6][C60]3, neutral TCNE, and [Co6Te8(PnPr3)6][C60]3[TCNE]x (x = 0.5, 1.0, 1.3, and 2.1). 
The intercalated materials all have peaks at 2,147 and 2,187 cm-1, frequencies characteristic of the 
TCNE radical anion53. The samples show no absorbance at frequencies reported for neutral TCNE. 
Qualitatively, we also observe an increase in the absorption intensity of the TCNE IR-active modes 
as we increase the intercalating stoichiometry (Inset of Fig. 2.12) 
 
Figure 2.12: IR spectrum of TCNE, [Co6Te8(PnPr3)6][C60]3, and [Co6Te8(PnPr3)6][C60]3[TCNE]2 
crystals. The spectra are offset for clarity. Inset shows IR of [Co6Te8(PnPr3)6][C60]3[TCNE]x for x = 0, 
0.5, 1.0, 1.3, 2.1. 
 
Mid-IR electronic absorption spectroscopy 
 To measure optical absorption in the mid-IR range we used a Nicolet 6700 FTIR with Everglo 
IR light source coupled to a Continuum IR microscope in transmission mode with a nitrogen-cooled 
 67 
MCT-A detector and two Reflectochromat 15× objectives. The beam splitter is KBr for mid-IR and 
quartz for the near-IR range. The sample was kept free from oxygen by placing inside a flat cryostat 
with two ZnSe windows. The FTIR was controlled using OMNIC 9 software. 
Background measurements were performed on the isolated superatomic components and 
Co6Te8(PnPr3)6 and C60. In addition, we synthesized and measured the compound 
[Co6Te8(PnPr3)6][BF4]2 to understand the contributions of Co6Te8(PnPr3)62+ to the absorption spectrum 
of the intercalation compound. The absorption profile of [Co6Te8(PnPr3)6][BF4]2 below ~0.65 eV is in 
very good agreement with the tail absorption below observed in the spectrum of 
[Co6Te8(PnPr3)6][C60]3[TCNE]2 (Fig. 2.13). We assign the low energy sharp vibronic absorptions to the 
PnPr3 ligand (620-1,580 cm-1, 2,680-3,100 cm-1), and C60 (1,182 cm-1, 1,469 cm-1, 1,537 cm-1, 2,308-
2,360 cm-1) (Fig. 2.14). The intense absorptions measured at 2,147 and 2,187 cm-1 are assigned to the 
TCNE radical anion, as discussed both in the main text and in section VI of the supplementary 
materials. 
 





Figure 2.14: Absorption spectra of [Co6Te8(PnPr3)6][C60]3[TCNE]2 crystal, C60, and PnPr3 ligand, 
highlighting the vibronic modes. Bottom spectrum focuses on energies 1,000-2,400 cm-1, outlined 
with dashed box in top spectrum. 
 
Electrical transport measurements 
Pellets of [Co6Te8(PnPr3)6][C60]3 and [Co6Te8(PnPr3)6][C60]3[TCNE]x were prepared using a 5 
mm pellet die and were pressed under a load of 2.5 tons. The pellets were transferred onto a Si/SiO2 
substrate or a chip carrier prepared with a insulating layer, and electrical contact was made under inert 
atmosphere with silver epoxy. We measured the device using a Süss Microtech EP4 probe station under 
N2 for room temperature two terminal measurements. Variable temperature measurements were 
performed under vacuum in a CCS-55T closed-cycle refrigerator system (Janis Research Company 
Inc.) attached to a model 22 Cryodyne refrigerator and 8200 compressor system (Brooks Automation). 
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The room temperature and variable temperature electrical transport properties were both measured with 
semiconductor parameter analyzers (Agilent 4155C and 4145B respectively). 
An in-house Seebeck coefficient measuring setup was assembled using two ceramic heaters 
held at known temperatures with copper tape making thermal and electrical contact to the pellet. The 
Seebeck voltage was measured using an Agilent B2901A precision source/measure unit. 
We performed two terminal and four terminal electrical transport measurements on 
[Co6Te8(PnPr3)6][C60]3[TCNE]x, x = 0, 0.5, 1.0, 1.3, 1.8. Both measurements give consistent results. 
Based on these results, we performed variable temperature two terminal electrical transport and 
Seebeck coefficient measurements for the same series of compounds. The negative Seebeck 
coefficients confirm that electrons are the major carriers in these materials. 
 




Figure 2.16: Seebeck coefficients for [Co6Te8(PnPr3)6][C60]3[TCNE]x. Negative values of Seebeck 
coeeficient indicate electrons to be the major carrier.  
 
Computational method 
Electronic structure calculations were performed using density functional theory with on-site 
Coulomb interactions (DFT+U) using the Quantum Espresso package54 with norm conserving 
pseudopotentials and energy cutoff of 75 Ry. The on-site Coulomb interactions, U = 2.0 eV, were 
applied to cobalt d orbitals with spin dependent Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
functional55,56. Bulk materials were modeled by unit cells containing two Co6Te8(PnPr3)6, six C60, and 
four TCNE molecules after intercalation, with regular 2×2×2 k grid within Monkhorst-Pack scheme57. 
In calculations, we employed atomic structures obtained from experiments without relaxations.  
Dielectric tensors of the pristine compound and fully intercalated compound were calculated 
using the epsilon.x code distributed with Quantum Espresso package. The imaginary part of dielectric 
function is proportional to the absorption coefficient via	"#(%) = ()* +,-.(%), where / is the refractive 
index and c is the speed of light in vacuum. Plots of the appropriate dielectric tensor elements can be 
found in Fig. 2.17. The dielectric function of the pristine compound diverges as the frequency goes to 
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zero because, within the band theory methodology used here, the ground state is metallic due to the 
fractional occupation of the C60 molecules (1/3 electron per C60). No known band theory will produce 
an insulator in this situation. However, the physics that produces the insulating state does not affect the 
crucial result (a large difference in low frequency absorption strength between the pristine and 
intercalated compounds arising because in the fully intercalated compounds the charge transfer is 
different and there are no fractionally occupied bands) so for the fully intercalated compound 
[Co6Te8(PnPr3)6][C60]3[TCNE]2, the dielectric function arises from inter-band transitions. The broad 
peak starting at 1.2eV can be identified as transitions from the C60 occupied bands to the C60 empty 
bands. 
 
Figure 2.17: Imaginary part of the dielectric function for [Co6Te8(PnPr3)6][C60]3 and 
[Co6Te8(PnPr3)6][C60]3[TCNE]2 calculated by random phase approximation. 
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 Chapter 3. Cooperative Reductive Intercalation of a Superatomic Crystal 
3.1. Preface 
This chapter is based on unpublished work conducted as a follow-up to the findings discussed 
in chapter 2 of this dissertation. I, with significant help from Isabel Klein, a joint undergraduate 
research assistant with the Andrew Crowther group, synthesized and intercalated SAC samples and 
performed all IR and PXRD measurements. Rose L. Kann carried out device measurements on SAC 
samples. Isabel Klein conducted all micro raman measurements on SAC samples. Sections of this 
section were adapted from the thesis dissertation of Isabel Klein. Special thanks to Maria Paley, 
another joint undergraduate research assistant with the Andrew Crowther group, who conducted 
many of the unsuccessful iterations of SAC reductive intercalation. 
 
3.2. Introduction 
 As I have previously established, intercalation is a powerful tool that can be used to transform 
a wide array of material properties in a properly structured host material1–4. Famously, this technique 
has been utilized to produce superconductivity in a wide array of host compounds, often through the 
intercalation of volatile alkali metals or other strongly reducing reagents5. While the superatom C60 
can withstand the high temperatures necessary for alkali metal vapor phase intercalation, most 
superatomic structures are fragile and unable to tolerate such treatment6,7. It is therefore necessary to 
utilize a milder topochemical intercalation amenable to the properties of the superatomic host. The 
findings in chapter 2 of this dissertation offer a facile and well-characterized platform for the 
intercalation of a pillared superatomic host, [Co6Te8(PnPr3)6][C60]38. This treatment, however, is 
oxidative and lowers both the carrier density and electrical conductivities of the material 
considerably. To achieve superconductivity9, high thermoelectric performance10, or other exotic SAC 
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behaviors, it is necessary to instead develop a platform for the reductive intercalation of 
[Co6Te8(PnPr3)6][C60]3.  
Here I present a cooperative two-step procedure for the topochemical intercalation of 
[Co6Te8(PnPr3)6][C60]3. The superatomic host is first oxidatively intercalated with 
tetracyanoquinodomethane (TCNQ) and is subsequently reductively intercalated with an electronically 
complementary reducing agent, M2TCNQ (M = Li, Na, K, Cs). Powder x-ray diffraction (PXRD) is 
used to characterize the structure through all stages of intercalation, demonstrating complete retention 
of crystallinity. Electrical transport measurements reveal that the electrical conductivity (s) of the SAC 
decreases to ~5 x 10-5 S/m after intercalation with TCNQ, and increases to ~0.5 S/m after reductive 
intercalation, a modest increase over the conductivity of the pristine host. Raman spectroscopy is used 
to probe the charge states of the crystallized C60 through all stages of intercalation, complementing the 
electrical transport measurements. 
 
3.3. Intercalation method 
Initial attempts at the reductive intercalation of [Co6Te8(PnPr3)6][C60]3 simply aimed to mimic 
the procedure performed for its oxidative intercalation with tetracyanoethylene (TCNE): disperse 
coarsely ground crystals in a solution of a strongly reducing chemical. Several reagents were selected 
with both electronic and spatial compatibility with the superatomic host: 
tetrakis(dimethylamino)ethylene (TDAE), R2Viologen (R = Methyl, Ethyl), Cobaltocene, and alkali 
naphthalenides (lithium, sodium)11. Treating the superatomic host with 5 eq. reducing agent in 
nitromethane yielded inconsistent charge transfer, as measured by raman spectroscopy. Furthermore, 
the PXRD patterns for all reduction compounds (Fig. 3.1a) showed a significant decrease to the 
diffracting intensity of the material. This observation, along with the significant alteration to peak 
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positions and widths, indicated that the intercalation treatment was leading to decomposition of the 
host superstructure. Furthermore, many intercalations run in ethereal solvents (THF, dioxane, ethylene 
glycol, DME, etc) would similarly decompose. 
We hypothesize that this decomposition occurs due to reduction of the cobalt cluster and the 
subsequent disruption to the electrostatic forces responsible for sample crystallinity. As show in Figure 
3.1b, the +1 to 0 reduction of the cluster and the 0 to -1 reduction of the fullerene have very similar 
potentials. Reduction potentials in the solid-state material may vary from those in Figure 3.1b, which 
were measured on solvated or dimensionally confined samples12,13. This dielectric environment may 
change again when an intercalant is introduced. Nevertheless, the proximity of the redox potentials 
means that a reductive intercalant may indiscriminately reduce both the fullerene and the cluster. This 
unselective reduction is problematic because the cluster loses its cationic character, which we believed 
destroys the superstructure of the material. The intolerance of the SAC to ethereal solvents supported 
our hypothesis, as the coordinating behavior of these solvents could disrupt the subtle electrostatic 
forces of the structure. 
 
 
Figure 3.1: Reduction compound diffraction patterns, and superatomic redox potentials. a. 
Powder diffraction patterns of [Co6Te8(PnPr3)6][C60]3 treated with various organic reducing agents in 
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nitromethane. b. Redox potentials of the isolated compounds Co6Te8(PnPr3)614 and C6012. Each redox 
couple is labeled above its corresponding potential level. 
 
To preserve the structural integrity of the host throughout the treatment, we attempted to 
perform the reductive intercalation steps not on the pristine host, but instead on the oxidative 
intercalation compound. Because the void space is initially occupied by a guest, the superstructure 
would be unable to collapse. Furthermore, we hypothesized that the guest may function as an 
electrochemical buffer and stabilize the oxidation state of the cluster through the reduction process. 
Due to the bulkiness of the oxidative guests, the reduction would have to occur at the surface of the 
crystals, and the carrier donated by the reducing agent would need to be transferred with an alkali metal 
to counterbalance the donated charge. The reductions were carried out with the reducing agent 
M2TCNQ, an accessible agent readily prepared from bench-stable TCNQH215. The mild redox potential 
of -0.6 eV vs Fc/Fc+ 16 made it an ideal choice for the reduction, and the complementarity with the 
oxidative guest facilitated a possible disproportionation mechanism that may occur at the crystal 
surface without leeching guest molecules from within the host. The intercalation was therefore 
performed in two stages: 1) oxidative intercalation with an oxidative guest (TCNQ, TCNE, DDQ). 2) 
reduction of intercalation compound with a M2TCNQ (M = Li, K), prepared from TCNQH2 and either 
LiOAc or K2CO3 respectively (See section 3.7). A similar reduction experiment was performed with 
alkali naphthalenides (M = Na, Li) to investigate interfacial reactivity of a similar reducing agent. 
 
3.4. Structural characterization of reduction compounds 
The intercalation of [Co6Te8(PnPr3)6][C60]3 with TCNQ was carried out in a nearly identical 
fashion to the TCNE intercalation described in chapter 2. The resulting intercalation compound is 
singly crystalline; while the crystal structure was not fully refined, we determined that 2 equivalents of 
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the guest intercalate per stoichiometric unit. Figure 3.4 in section 3.7 shows diffraction patterns of the 
pristine host and the TCNQ intercalation compound, confirming retention of sample crystallinity. 
PXRD patterns of the reduction compounds were measured to probe sample crystallinity 
through the reduction process. Figure 3.2 shows that the PXRD pattern of the intercalation 
compound, [Co6Te8(PnPr3)6][C60]3[TCNQ]2, and of the reduction compound, 
[Co6Te8(PnPr3)6][C60]3[TCNQ]2[Li]x. The pattern shows complete retention of all diffractions, 
indicating that the superstructure is maintained through the treatment. Moreover, the strong 
diffraction signals are consistent with the pristine host and intercalation compounds, and rule out the 
possibility that reduction degrades the crystal surface, only leaving the core intact; if this were the 
case, we would expect both a loss of signal intensity, and emergence of broad amorphous features. It 
is therefore clear that first intercalating the material with an oxidizing agent and then reducing the 
material does not destroy the material superstructure. The structural stability of the intercalation 
compound through the reduction process is consistent for all reducing agents presented in this study. 
 
Figure 3.2: Powder XRD Patterns of the reduction compound. [Co6Te8(PPr3)6][C60]3[TCNQ]2, 
and Reduction Compound, [Co6Te8(PPr3)6][C60]3[TCNQ]2[Li]2. 
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3.5. Electronic Characterization of Intercalation Compounds 
The reduction of the intercalation compound, [Co6Te8(PnPr3)6][C60]3[TCNQ]2, with M2TCNQ 
dramatically transforms the electronic properties of the SAC. We used a combination of Raman 
spectroscopy and electronic transport measurements to fully characterize the reduction compound and 
to gain insight into the mechanism of charge transfer.  
  The position of the A2g mode of C60 is a strong indicator of the superatom’s oxidation state, 
and is often used to characterize charge transfer in similar structures17. Measurements performed on 
[Co6Te8(PPr3)6][C60]3[TCNQ]2 feature an A2g mode centered at 1468.7 ± 0.6 cm-1; this finding agrees 
well with the mechanism of oxidative intercalation provided in chapter 2, and indicates that all 
fullerenes are neutral. The solid-state Fourier Transform Infrared (FT-IR) spectrum of this compound 
features absorption peaks at 2,182 cm−1 that align with vCN stretching modes characteristic of the 
TCNQ radical anion (Figure 3.8)18. These results, coupled with the unrefined SCXRD structure, yield 
a charge assignment analogous to the TCNE intercalation compound: 
[Co6Te8(PnPr3)62+][C600]3[TCNQ−]2.  
The reduction of [Co6Te8(PnPr3)6][C60]3[TCNQ]2 with TCNQ2- unambiguously returns the 
fullerenes back to their electronic state in the pristine material. The A2g mode measured in the 
reduction compound [Co6Te8(PnPr3)6][C60]3[TCNQ]2[Li]x is centered at 1466.8 ± 0.2 cm-1, while the 
A2g mode of [Co6Te8(PnPr3)6][C60]3[TCNQ]2[K]y is centered at 1466.6 ± 0.7 cm-1, as shown in Figure 
3.3. Reduction with TCNQ2- shifts the A2g mode to the approximate value measured in the pristine 
host (1467.7 ± 0.7 cm-1), indicating that fullerenes have been reduced to a state where one electron is 
delocalized over three fullerenes in each stoichiometric unit. Reduction/oxidation potentials for the 
superatoms (Fig. 3.1a) indicate that treatment should reduce the [Co6Te8] cluster to a +1 state, as it’s 
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+1/+2 redox level lies at a lower energy than the 0/-1 level of C60. These findings suggest the charge 
assignment for the reduction compound is [Co6Te8(PnPr3)61+][C60-1/3]3[TCNQ−]2[Li+]2. 
Reductions were performed with a series of alkali metal acetate salts (MOAc, M = Li, Na, K, 
Cs) to determine a relationship between counter ion radius and reduction. The A2g mode shifted to its 
pristine location in all cases, demonstrating that cooperative reductive intercalation experiments may 
use a wide array of bases to prepare the reducing solution and numerous counter ions to balance 
charge donated to the SAC.   
 
Figure 3.3: Raman Spectra of Intercalation and Reduction Compounds. 
 
We similarly attempted reduction on the intercalation compounds 
[Co6Te8(PnPr3)6][C60]3[TCNQ]2 and [Co6Te8(PnPr3)6][C60]3[TCNE]2 with alkali naphthalenide (M = Li, 
Na) solutions prepared in DME; experimental details are provided in section 3.7. The treatment did not 
seem to affect sample crystallinity (Figure 3.2), as no change was observed to the powder diffraction 
pattern.  The Raman spectrum of [Co6Te8(PnPr3)6][C60]3[TCNQ]2[Li]x prepared via this method is 
shown in Figure 3.3. We measure a pentagonal pinch mode at 1468.6 ± 0.3 cm-1, indicating negligible 
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electron-transfer to the SAC, despite the strong reductive potential of this class of reagent and the 
presence of an alkali metal to balance the donated charge11. 
Raman measurements are only capable of measuring ~100 layers deep and offer no information 
on the internal structure of a sample. To confirm complete reduction of the SAC, we performed 
electrical transport measurements on samples to measure the effect of this treatment on the bulk 
electrical conductivity of the sample. Transport measurements on the reduction compound, 
[Co6Te8(PnPr3)6][C60]3[TCNQ]2[Li]x (prepared with TCNQH2 and LiOAc), gave an electrical 
conductivity of ~0.3 S/cm, a six thousand-fold increase over the s of the intercalation compound, ~4.5 
x 10-5 S/cm. The s measured for the reduction compound is very close to the ~0.2 S/cm measured for 
the pristine host, further supporting our earlier charge assignment. 
To determine whether this limit on SAC reduction capacity was an electrochemically or 
sterically constrained, we performed two control experiments: a reduction of DDQ and TCNE 
intercalation compounds, and a reduction of a substoichiometrically intercalated host. We hypothesized 
that the smaller size of DDQ and TCNE guest molecules could allow the host structure to accommodate 
more alkali metal guest, thus permitting a more complete reduction of the SAC. We saw no change in 
the reduction behavior of the intercalation compounds, ruling out this possibility. Similarly, we 
believed that a substoichiometrically intercalated host might be able to accommodate more alkali guests 
while still buffering the electrochemical environment of the SAC. Again, we saw no such result, 
suggesting that the -1/3 oxidation state of the fullerenes was indeed a fundamental limit of the SAC’s 





The layered intercalation compounds, [Co6Te8(PnPr3)6][C60]3[Ox]2 (Ox = TCNQ, TCNE, 
DDQ), were reductively intercalated with TCNQ2-, building off the strategy established in chapter 2. 
Oxidative guest molecules buffer the electrochemical environment of the SAC, preventing reduction 
of the Co6Te8(PnPr3)6 cluster, and subsequent loss of crystallinity. This treatment restores the SAC to 
its initial charge state, which appears to be a fundamental limit to the SAC charge capacity. 
Reduction of [Co6Te8(PnPr3)6][C60]3[TCNQ]2 and [Co6Te8(PnPr3)6][C60]3[TCNE]2 with alkali 
naphthalenides result in no fullerene reduction. 
 
3.7. Supplementary information 
Experimental details 
Tri-n-propylphosphine and 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) were 
purchased from Sigma Aldrich. Dicobalt octacarbonyl and tellurium powder were purchased from 
Strem Chemicals. C60 fullerene (99.5% assay) was obtained from BuckyUSA. Tetracyanoethylene 
(TCNE) was purchased from Alfa Aesar. Tertracyanoquinodomethane (TCNQ) was purchased from 
Acros. All solvents were purchased from Fischer Scientific and were dried and deoxygenated by 
elution through a dual column solvent purification system (MBraun SPS). All reaction and sample 
preparations were carried out under inert atmosphere using Schlenk techniques or in a nitrogen-filled 
glovebox. Co6Te8(PnPr3)614 and TCNQH219 were prepared according to literature procedures. 1H 
NMR and 31P spectra were acquired on Bruker 400 and Bruker 500 spectrometers, respectively. 
 
[Co6Te8(PPr3)6][C60]3[TCNQ]2: Inside the glove box, dry [Co6Te8(PPr3)6][C60]3 (50 mg, 11 µmol) 
was crushed with a mortar and pestle and transferred to a 20 mL scintillation vial. Separately, TCNQ 
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(11.3 mg, 55 µmol) was dissolved in acetonitrile (5 mL) and stirred for 15 minutes.  The TCNQ solution 
was passed through a 0.2 µm syringe filer, transferred to the vial containing the SAC, and was left at 
room temperature for 72h. The solution was decanted, washed with acetonitrile (3 x 1.5 mL), and dried 
in vacuo to yield black crystals. All oxidative intercalation treatments follow this general procedure 
and are presented in Table 3.1.  
To prepare sub-stoichiometric intercalation compounds [Co6Te8(PnPr3)6][C60]3[TCNQ]x, we 
varied the equivalency TCNQ: [Co6Te8(PnPr3)6][C60]3 stoichiometric ratio. 
 
[Co6Te8(PPr3)6][C60]3[TCNQ]2[Li]x: In a glovebox, a vial was charged with TCNQH2 (6.3 mg, 30.5 
µmol), dry lithium acetate (10 mg, 0.15 mmol), and DMF (5 mL). This solution was stirred 30 mins, 
filtered into a separate vial containing [Co6Te8(PPr3)6][C60]3[TCNQ]2 (30 mg, 6.1 µmol) and  was left 
72h undisturbed. The solution was decanted from the vial and the sample was washed with DMF (2 x 
1.5 mL) and acetonitrile (2 x 1.5 mL). Drying the sample in vacuo yielded the reduction compound, 
which was carried on for further analysis. Choice of base was varied, as were the equivalencies of both 
the reducing agent and the base. Equivalences of TCNQH2:base used were 3:6, 3:30, 1:1, 20:20, 1:2, 
20:40, 10:50 and 5:25. Bases used include lithium acetate (LiOAc), sodium acetate (NaOAc), 
potassium acetate (KOAc), lithium carbonate (Li2CO3), sodium carbonate (Na2CO3), potassium 
carbonate (K2CO3), cesium carbonate (Cs2CO3), magnesium acetate (Mg(OAc)2), and manganese 
acetate (Mn(OAc)2) to generate TCNQ2- from TCNQH2. 
 
Naphthalenide reduction: Lithium (~200 mg, xs) was added to solution of naphthalene (3.9 mg, 30.5 
µmol) in DME (5 mL). After stirring 30 mins, the solution was filtered into a vial containing 
[Co6Te8(PPr3)6][C60]3[TCNQ]2 (30 mg, 6.1 µmol) and  was left 72h undisturbed. The solution was 
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decanted from the vial and the sample was washed with DMF (2 x 1.5 mL) and acetonitrile (2 x 1.5 
mL). Drying the sample in vacuo yielded the reduction compound, which was carried on for further 
analysis. 
 
Table 3.1. Oxidative and Reductive Treatments for Host Material, [Co6Te8(PnPr3)6][C60]3. 





Powder x-ray diffraction (PXRD) 
PXRD patterns were acquired on a PANalytical X’Pert 3 Powder diffractometer. Samples were 
prepared on a zero-background Si plate inside of a N2 filled glove box and were sealed with a Kapton 
film. The Kapton film generated a broad signal centered at ~20º, which was subtracted in 
HighscorePlus. 
The collected diffraction patterns for [Co6Te8(PnPr3)6][C60]3[TCNQ]2 are in good agreement 
with the experimental diffraction pattern of the pristine host (Figure 3.4); there are no indications of 
amorphous content, confirming the purity of the crystalline phase. Small crystals were evenly dispersed 
on a zero-background Si plate and covered with a kapton film. All diffractions are present in the PXRD 
pattern of the intercalation compound, showing that the superstructure of the material has been 
maintained through intercalation. The diffraction centered at ~5˚ in the pattern of the intercalation 
compound can be assigned to the [002] plane, which generally diffracts weakly due to the preferential 
alignment of the SAC material on the XRD plate.  
 
Figure 3.4: Powder XRD Patterns of the Host Material, [Co6Te8(PnPr3)6][C60]3, and 
Intercalation Compound, [Co6Te8(PnPr3)6][C60]3[TCNQ]2.  
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Raman spectroscopy 
Raman spectra were measured using a 532 nm diode-pumped solid state laser reflected off of a 
532 nm dichroic beam-splitter in a Nikon Ti/U inverted microscope and focused onto the sample with 
a 40x/0.6 NA objective with a correction collar. Scattered light passed back through the objective and 
a 75 micron or a 50 micron pinhole, through a 532 nm long pass filter, into a Princeton Instruments 0.3 
meter Acton Spectrometer with a 1200 g/mm grating, and onto a Princeton Instruments PIXIS 400 
CCD array detector. The resolution was between 5 cm-1 and 5.7 cm-1 for the 75 micron pinhole and 3.6 
cm-1 and 3.8 cm-1 for the 50 micron pinhole, as determined by the Gaussian full width half maximum 
of the l = 546 nm peak in the Hg calibration spectrum. For typical measurements, two consecutive 
300-second high power (30 µW) spectra were measured, followed by a single 600-second low power 
(15 µW) spectrum, all on the same location on a crystal. The high power and low power measurements 
were then reversed on a new crystal to investigate the degree (if any) of triplet state excitation or photo-
induced polymerization. Reversing the measurements in this way helps to determine whether photo-














Figure 3.7: Raman spectrum of photopolymerized reduction compound.  
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Substoichiometric intercalation of [Co6Te8(PPr3)6][C60]3 with TCNQ may leave space for 
TCNQ2- to intercalate into the material when it is exposed to 5 eq.:25 eq. TCNQH2:MOAc. The 
intercalation of the reducing species would then increase the extent of charge transfer to the fullerenes, 
increasing the fullerene charge and thus the conductivity of the material. However, preliminary Raman 
spectra show that these compounds readily photo-polymerize when irradiated with the 532 nm laser, 
which results in the Hg modes splitting and the pentagonal pinch modes shifting to lower energies. 
Close inspection of the Ag(2) mode of the substoichiometrically intercalated reduction 
compound in Figure 3.7b shows that the peak has split to 1464.5 ± 0.2 cm-1 and 1454 ± 0.9 cm-1. This 
splitting is either an indication of triplet state excitation or photo-induced polymerization. Because 
these peaks occur when the l = 532 nm laser is defocused and at very low power of 10 mW, it is 
unlikely that the Hg peak splitting and pentagonal pinch mode peak shifts are probably not due to 
triplet state excitation. However, because the peaks don’t evolve over time, photo-polymerization is 
not immediately obvious. Figure 3.7a confirms photo-polymerization for some of the samples. The 
appearance of more than two peaks at 709 cm-1, 732 cm-1, 755 cm-1, and 773 cm-1, between 700 and 
800 cm-1 is a strong indication that photo-polymerization has occurred20. The reason why these 
samples may be more susceptible to polymerization is unknown. In general, investigation into the 
effect of substoichiometric intercalation on the extent of charge transfer has shown an increased 







Fourier-transform infrared (FTIR) spectra were obtained using a Perkin Elmer Spectrum 400 
spectrometer using a PIKE ATR attachment. Fig. 3.8 shows the IR spectrum of 
[Co6Te8(PPr3)6][C60]3, neutral TCNQ, and [Co6Te8(PnPr3)6][C60]3[TCNQ]2. The intercalated material 
absorbs at 2,182 cm-1, the frequency characteristic of the TCNQ radical anion18. The samples show 
no absorbance at frequencies reported for neutral TCNQ. 
 
Figure 3.8: IR spectrum of TCNQ, [Co6Te8(PnPr3)6][C60]3, and [Co6Te8(PnPr3)6][C60]3[TCNQ]2 
crystals. The spectra are offset for clarity. 
 
UV/Vis spectroscopy 
 Electronic absorption spectra were recorded using a 1.0 cm quartz cell on a Shimadzu UV-
1800 spectrophotometer. We utilized UV/Vis spectroscopy to characterize different oxidations states 
of TCNQ, and to ensure complete formation of TCNQ2- from TCNQH2. Figure 3.9 shows absorption 
spectra for TCNQ in different oxidation states: neat TCNQ, TCNQ- (prepared with 1eq TDAE, a one 
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electron donor which does not absorb UV radiation), Li2TCNQ prepared from TCNQH2, and a 
solution recovered from an SAC reduction (5 eq. TCNQ2- prepared from TCNQH2:LiOAc, 1:5). The 
three oxidation states of TCNQ have unique absorption profiles and agree well with literature 
values21, indicating that TCNQH2 can be used to exclusively form the dianion. We see signatures of 
both TCNQ- and TCNQ2- in the solution decanted from an SAC reduction, confirming that significant 
charge has been transferred from the reducing agent to the intercalation compound; we expect to 
measure signatures of Li2TCNQ, as a fivefold excess of the compound was used to perform the SAC 
reduction. 
 
Figure 3.9: UV-Vis spectra of TCNQ at different oxidation states. The neutral TCNQ has a peak 
at 393 nm, the singly reduced TCNQ- has a peak at 850 nm and 750 nm, and the dianion TCNQ2- had 
a peak at 330 nm. The TCNQ- spectrum shows TCNQ, TCNQ- and TCNQ2- peaks because the 
reduction of TCNQ with TDAE is not selective. 
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Chapter 4. Functional Phase Transitions in a Superatomic Crystal 
4.1. Preface 
This chapter is based on a manuscript entitled “Structural and Electronic Phase Transitions 
Transform the Properties of a Superatomic Crystal”. I synthesized SAC samples and performed DSC 
measurements. Dr. Daniel Paley conducted SCXRD characterization with some of my help. Kihong 
Lee in the Xiaoyang Zhu and Xavier Roy groups conducted FTIR optical absorption measurements 
on the SAC samples. Jake C. Russell carried out device measurements on SAC samples with help 
from Dr. Giselle Elbaz. Matthew Bartnof and Alexander Christodoulides in the Jonathan Malen 
group at Carnegie Mellon University conducted the FDTR measurements on the SACs, while Wee-
Liat Ong conducted additional DSC measurements. Jordan A. Degayner with the T. David Harris 
group at Northwestern University performed SQUID magnetometry measurements on SAC samples. 
4.2. Introduction 
The study of phase transitions has a long history in condensed matter physics,1 and continues 
to be a cornerstone of modern materials science research.2 A phase transition involves a sudden change 
in the atomic, electronic and/or magnetic configuration of a solid when an external stimulus is applied 
(e.g. temperature, pressure, light, electric field). Generally, phase transitions arise in atomic solids in 
which competing interactions between close-contacting atoms combine to create structures “on the 
edge of stability”.2 Understanding these interactions is an essential step towards the elusive goal of 
predicting phase transitions in new materials. Beyond these fundamental questions, phase transitions 
can produce exotic and/or switchable material properties (e.g. superconductivity, ferromagnetism, 
thermal switching, ferroelectricity)3–7 which form the basis for countless next-generation functional 
devices.8,9 
 While superatomic crystals offer an effective platform for the design of functionally versatile 
crystalline solids, their material properties are often static and rarely change with stimulus.10–15  
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Reliably programming functional transformations into SACs using phase transitions is an attractive 
prospect, but comes with a set of challenges: the interactions between superatomic building blocks are 
weak and poorly understood, and achieving the delicate balance that can lead to phase transitions is a 
major synthetic challenge.4,13,16 
Here I report a new binary superatomic crystal, [Co6Te8(PEt3)6][C70]2, that undergoes two 
separate phase transitions. The material is composed of the electron-donating molecular cluster 
Co6Te8(PEt3)6 and the electron-accepting C70 fullerene which, together, adopt a structure analogous to 
CdI2 containing both monomeric and dimerized fullerenes. By collecting single crystal x-ray diffraction 
(SCXRD) data at different temperatures, I identify and explicitly characterize three structural phases 
arising from an orientational order-disorder transition of the C70 at low temperature, and from the 
homolytic cleavage of C1402– dimers at high temperature. By investigating the fundamental mechanisms 
involved in each phase transition, I uncover how they transform the collective optical, electrical, 
magnetic and thermal properties of [Co6Te8(PEt3)6][C70]2.  
 
4.3. Structural analysis of phase transitions 
To prepare [Co6Te8(PEt3)6][C70]2, Co6Te8(PEt3)617 is combined with two equivalents of C70 in 
toluene: charge transfer between the building blocks produces black rhomboidral crystals. Figure 4.1a,b 
presents the 100 K crystal structure of [Co6Te8(PEt3)6][C70]2, as determined by SCXRD. At low 
temperature, the compound occurs in a monoclinic (space group P21/n) distortion of the trigonal 
structure of CdI2. The crystal structure of [Co6Te8(PEt3)6][C70]2, however, differs from that of CdI2 and 
related superatomic crystals13 in one key aspect: half of the C70 fullerenes couple to form C140 dimers 
bound through covalent C–C bonds at the pentagon-hexagon-hexagon junctions (shown in red in Figure 
4.1a,b). The shortest C···C distances between two neighboring fullerenes are 3.4 and 1.6 Å for 
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monomeric and dimeric C70, respectively, the latter distance corresponding to the interfullerene C–C 
bond length.  
 
Figure 4.1: Crystal structure and DSC behavior of [Co6Te8(PEt3)6][C70]2. Crystal structure at 100 
K, looking down the (a) a-axis and (b) b-axis. The two forms of the fullerene, C70 and C1402-, are 
depicted in black and red respectively. Co and Te are blue and crimson, respectively. The phosphine 
ligands are removed to clarify the views. c, DSC trace for [Co6Te8(PEt3)6][C70]2. The temperature 
ranges of phases A, B, and C are highlighted in green, red and blue, respectively. 
 
By comparing the crystallographic Co–P and Co–Cotrans interatomic distances in 
[Co6Te8(PEt3)6][C70]2 with those measured in clusters [Co6Te8(PR3)6]n+ of known oxidation states 
(n = 0, 1 and 2),15 we determine that Co6Te8(PEt3)6 bears a 1+ charge in the (Figure 4.9). This valence 
assignment is consistent with the 2:2:1 stoichiometric ratio of Co6Te8(PEt3)6, C70 and C140; dimerization 
is observed in singly reduced C70 compounds,18 including in a recent report of [Ni3Te2(dppm)3][C70]2 
(dppm = bis(diphenylphosphino)methane).19 From these observations, we conclude that the charges in 
[Co6Te8(PEt3)6][C70]2 are: [Co6Te8(PEt3)6+][C700][C1402−]1/2. Monomeric C70 and dimeric C1402− 
alternate across the lattice, forming a superstructure.  
Motivated by previous reports that C1402− dimers can undergo reversible homolytic cleavage of 
the interfullerene C–C bond to form two C70− radical anions,18 we used differential scanning 
calorimetry (DSC) to detect any phase transition in [Co6Te8(PEt3)6][C70]2. Two distinct reversible phase 
transitions are identified when the sample is heated from 200 to 400 K: phase transition I occurs at 
~240 K and phase transition II occurs at ~330 K. The low, intermediate and high temperature phases 
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are labeled A, B and C, respectively. The structure of [Co6Te8(PEt3)6][C70]2 in each phase was 
determined by SCXRD; Figure 4.2a depicts the crystal structure of all three phases with the fullerene 
motions. In addition, Figure 4.2b,c illustrates the major structural changes that take place across each 
phase transition. 
 
Figure 4.2: Phase Transition Diagrams. a, Crystal structure of [Co6Te8(PEt3)6][C70]2 in phases A, B, 
and C, looking down the b-axis. Phases B and C incorporate a schematic representation of the fullerene 
orientational disorder (blurred). b,c, Schematics showing the transformations across phase transitions 
I and II. 
 
When heated above 240 K, the crystal undergoes a phase transition attributed to dynamic 
disorder of all fullerenes. Order-disorder transitions have been identified at 260 K in C6020 and at 190 
K in a C60-based superatomic crystal.4 In phase A, both C70 and C1402– units are frozen in orientation: 
each fullerene is disordered over 2 or 3 positions but their electron density is found in discrete atomic 
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positions (Figures 4.8g-j). By contrast, in phase B, the electron density for the fullerenes is entirely 
continuous (C70) or mostly continuous (C1402–). While SCXRD does not discriminate between static 
and dynamic disorder, the change in symmetry and the diffuse electron density features of phase B are 
best explained by dynamic rotation of the fullerenes around the interfullerene C–C bond and the long 
axis of the C70 monomer.  
Heating the material across phase transition II breaks the interfullerene C–C bond in the C1402− 
dimers (Figure 4.2c): in phase C, the fullerenes are crystallographically equivalent and disordered about 
all three axes (electron density Fourier maps in Figure 4.8a,b). While SCXRD cannot unequivocally 
discriminate between a structure with all monomeric units or with dynamically exchanging C1402– 
dimers, the magnetic data (discussed below), the large enthalpy of the transition, and the 
crystallographically determined electron density of phase C all strongly point to monomeric fullerenes. 
 
4.4. Electronic and magnetic properties 
While both transitions feature structural changes, phase transition II is better defined by its 
transformation of the electronic structure of [Co6Te8(PEt3)6][C70]2: the electrons that are localized in 
the interfullerene C–C  s-bond in phase B become delocalized across the fullerene p-systems in phase 
C. Accordingly, the two phase transitions alter the material properties of [Co6Te8(PEt3)6][C70]2 in very 
different ways.  
To probe these changes, we first measured the magnetic properties of [Co6Te8(PEt3)6][C70]2 as 
a function of temperature. Figure 4.3a presents a plot of cMT as a function of T, where cM is the dc 
molar magnetic susceptibility. At T = 2 K, cMT ~0.43 cm3·mol–1·K, suggesting a S = ½ state with g = 
2 (the expected cMT is 0.38 cm3·mol–1·K). This result is consistent with the charge state of each building 
block: C70 and C1402− are both diamagnetic,18 and Co6Te8(PEt3)6+ has an S = ½ magnetic ground state.21 
This assignment is further supported by magnetization data at 1.8 K which saturate at MS ~1.10 µB, 
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slightly above the expected value MS = 1 µB for a S = ½ center (Figure 4.15). From 10 to 310 K, cMT 
increases linearly to reach ~0.70 cm3·mol–1·K, with no break in the trend across phase transition I. This 
slow rise is attributed to temperature independent paramagnetic contributions arising from low-lying 
magnetic states in the system.21  
When the sample is heated across phase transition II, cMT increases rapidly: starting at ~310 K, 
the increase is steepest between 320 and 340 K. The sudden change in cMT is caused by the homolytic 
cleavage of the C1402− interfullerene C–C bond and the concurrent generation of two C70– radical anions. 
Between 310 and 360 K, cMT increases by ~0.27 cm3·mol–1·K, relatively close to the expected value 
of 0.38 cm3·mol–1·K for the introduction of one S = ½ spin center per formula unit; at 375 K, cMT 
indicates that virtually all dimers are dissociated. The slight curvature in the data from 335 to 375 K 
suggests the radicals experience weak antiferromagnetic interactions. Overall, these results support the 
formulation of phase C as [Co6Te8(PEt3)6+][C700.5−]2. 
The dissociation of the C1402−dimers liberates electrons (i.e. charge carriers) into the C70 p-
systems, drastically changing the electrical properties of [Co6Te8(PEt3)6][C70]2. Figure 4.3b illustrates 
this concept: the electrical conductivity (s) of single crystal [Co6Te8(PEt3)6][C70]2 increases by two 
orders of magnitude across phase transition II, from ~0.1 S/m at 320 K to ~10 S/m at 340 K. No 
discontinuity is observed across phase transition I. Through all phases, the conductance (G) decreases 
exponentially with decreasing temperature, indicating a thermally activated transport behavior. The 
activation energy (Ea) is calculated from the slope of the Arrhenius-type plot shown in Figure 4.3c: Ea 
~500 meV for phases A and B, and Ea ~300 meV for phase C. The decrease of Ea across phase transition 
II is attributed to the increase in carrier density; by contrast, the electronic configuration of 




Figure 4.3: Electronic transport and magnetic susceptibility of [Co6Te8(PEt3)6][C70]2. a, 
Temperature dependence of cMT for [Co6Te8PEt3)6][C70]2 in an applied dc magnetic field of 1 T. b, 
Electrical conductivity as a function of T across all three phases. The inset displays s on a logarithmic 
scale between 210 and 320 K. c, Plot of the conductance (G) versus 1/T for [Co6Te8(PEt3)6][C70]2. The 
Arrhenius fits for each phase, shown as solid lines, are used to extract the activation energy Ea. 
 
Remarkably, the changes in the magnetic and electrical properties of [Co6Te8(PEt3)6][C70]2 are 
also reflected in the optical properties. Figure 4.4a presents a series of solid state electronic absorption 
spectra at different temperatures across all three phases. The optical gap is estimated from the 
absorption onset edge of the spectra, which are obtained by Kramers-Kronig analysis of reflectance 
spectra collected on [Co6Te8(PEt3)6][C70]2 single crystals (Figure 4.12). The inset of Figure 4.4a shows 
the evolution of the optical gap as a function of temperature. Across phases A and B, the optical gap 
remains constant at ~400 meV, and sharply decreases to ~130 meV across phase transition II and into 
phase C. The extracted optical gap energies are consistent with the Ea values measured from the single 




Figure 4.4: Optical absorption and thermal transport of [Co6Te8(PEt3)6][C70]2. a, Tauc plots of 
[Co6Te8(PEt3)6][C70]2 single crystals measured between 200 and 400 K. The spectra are offset for 
clarity. The sharp peaks in the absorption spectra are from the vibronic features of C70 and PEt3. The 
absorptions at 0.3 and 0.46 meV arise from CO2 and H2O respectively. Inset: temperature dependence 
of the optical gap energy, as determined from the onset of the absorption peak. Error bars are contained 
within data points. b, Thermal conductivity of [Co6Te8(PEt3)6][C70]2 as a function of T. Details of the 
error bar calculations are in section 4.7. 
 
4.5. Thermal transport properties 
While the magnetic, electrical and optical properties of [Co6Te8(PEt3)6][C70]2 are strongly 
affected by the electronic transition II, they are essentially unchanged by the structural transition I. By 
contrast, the thermal conductivity (k) of the material is significantly modified by the orientational order-
dynamic disorder transition at low temperature. This behavior results from phonon processes, as the 
electronic component of k is at most ~10–4 W·m-1·K-1, based on s and the Wiedemann-Franz Law. We 
measured the thermal conductivity of [Co6Te8(PEt3)6][C70]2 single crystals using frequency-domain 
thermoreflectance (FDTR), a non-contact optical technique amenable to micron-scale crystals (details 
in section 4.7).4,22,23 At room temperature, k ~0.20 ± 0.04 W·m-1·K-1; Figure 4.4b presents the 
temperature dependence of k across all three phases. Above ~240 K, k is invariant due to the dynamic 
orientational disorder of the lattice, which leads to an amorphous-like thermal transport behavior. These 
results are consistent with previously reported C60-based superatomic crystals and crystalline C60.4,24 
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Above phase transition II, this behavior persists, suggesting that k is not influenced by the degree of 
orientational disorder. Below phase transition I, [Co6Te8(PEt3)6][C70]2 behaves like a crystalline solid, 
as k increases with decreasing temperature to reach ~0.49 ± 0.19 W·m-1·K-1 at 125 K. This sudden 
change in behavior is a consequence of the structural transformation across phase transition I: as 
[Co6Te8(PEt3)6][C70]2 converts from an dynamically disordered lattice to an ordered one, the phonon 
mean free paths, and hence k, will increase with decreasing temperature, akin to a phonon crystal. 
 
4.6. Conclusions 
We have shown that competing interactions between molecular cluster building blocks can 
lead to rich structural and electronic phase transitions in the superatomic crystal [Co6Te8(PE3)6][C70]2. 
These reversible transformations are new tools in the design of cluster-assembled materials, opening 
the door to exciting opportunities to manipulate the properties of these materials and discover new 
emerging behaviors. 
4.7. Supplementary information 
Synthetic Details and Procedures 
Triethylphosphine and tellurium powder were purchased from Strem Chemicals. Dicobalt 
octacarbonyl was purchased from Alfa Aesar. C70 fullerene (99.5% assay) was obtained from 
BuckyUSA. All solvents were purchased from Fischer Scientific and were dried and deoxygenated by 
elution through a dual column solvent purification system (MBraun SPS). All reaction and sample 
preparations were carried out under inert atmospheres either through schlenk chemistry or in a nitrogen-
filled glove-box. Co6Te8(PEt3)6 was prepared according to the literature17. 
 
[Co6Te8(PEt3)6][C70]2: Co6Te8(PEt3)6 (12 mg, 0.006 mmol) and C70 (10 mg, 0.012 mmol) were 
dissolved in 5 mL toluene and 3.5 mL 1-methylnaphthalene, respectively. The solutions were filtered 
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through 0.2 µm PTFE filters and the resulting solutions were carefully layered in a 20 mL scintillation 
vial, separated by a 1 mL pad of 1-methylnaphthalene. Black crystals grew over ~72 h. The remaining 
solution was decanted, and the crystals were washed with toluene (2 ´ 3 mL) and hexanes (2 ´ 3 mL) 
before being dried in vacuo. Yield: 16 mg (73% yield). 
 
Single Crystal X-Ray Diffraction 
Single-crystal XRD data were collected on an Agilent SuperNova diffractometer using mirror-
monochromated Mo Ka radiation. Crystals were mounted in Paratone oil on a MiTeGen microloop 
and held at the desired temperature with an Oxford Cryojet 700. Data collection, integration, scaling 
(ABSPACK) and absorption correction (face-indexed Gaussian integration25 or numeric analytical 
methods26) were performed in CrysAlisPro27. Structures were solved by intrinsic phasing in ShelXT28. 
Subsequent refinement was performed by full-matrix least-squares on F2 in ShelXL. Olex229 was used 
for viewing and to prepare CIF files. PLATON30 was used for additional processing. Thermal ellipsoid 
plots were prepared in CrystalMaker31. Rigid-body coordinates for C70 and C1402- were each taken from 
high-quality literatures structures, CSD reference codes respectively DUKCET32 and TAFBAF33. 
Details of crystallographic data and parameters for data collection and refinement are in Table S1. 
Thermal ellipsoids are rendered at the 50% probability level for anisotropically refined atoms; 
isotropically refined atoms are represented as circles. The thermal ellipsoid plots are necessarily 
simplified by omitting additional independent and symmetry-related positions of disordered atoms.  
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Table 4.1: Selected crystallographic data 
Compound Phase A Phase B Phase C 
Formula C352H180Co12P12Te16 C176H90Co6P6Te8 
MW 7529.35 4497.82 
Space group P21/n I2/m !3#$1 
a (Å) 25.3864(6) 25.7743(9) 16.6030(8) 
b (Å) 16.3196(3) 16.3541(5) 16.6030(8) 
c (Å) 28.8221(6) 28.9052(10) 12.9455(9) 
α (°) 90 90 90 
β (°) 92.581(2) 92.161(4) 90 
γ (°) 90 90 120 
V (Å3) 11928.8(5) 12175.3(7) 3090.4(4) 
Z 2 2 1 
ρcalc (g cm-3) 2.096 2.054 2.023 
T (K) 100 250 340 
λ (Å) 0.71073 0.71073 0.71073 
2θmin, 2θmax 6.5, 53 6.8, 53 6.9, 53 
Nref 151861 59639 28988 
R(int), R(σ) 0.0433, 0.0307 0.0484, 0.0454 0.0443, 0.0191 
µ(mm-1) 2.88 2.821 2.779 
Size (mm) 0.09 x 0.08 x 0.04 0.37 x 0.25 x 0.15 0.35 x 0.19 x 0.15 
Tmin, Tmax 1.09 2.2 2.5 
Data 24357 12880 2342 
Restraints 6600 4674 39 
Parameters 2319 1447 86 
R1(obs) 0.0454 0.0496 0.0608 
wR2(all) 0.0869 0.1529 0.1922 
S 1.067 1.069 1.071 
Peak, hole (e- Å-3) 1.31, -0.96 0.96, -0.79 0.90, -0.70 
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Figure 4.5: Crystal structure of Phase A of [Co6Te8(PEt3)6][C70]2. Te, tan; Co, navy blue; P, 
orange; C, black. Hydrogen atoms are removed to clarify the view. 
 
 
Figure 4.6: Crystal structure of Phase B of [Co6Te8(PEt3)6][C70]2. Te, tan; Co, navy blue; P, 




Figure 4.7: Crystal structure of Phase C of [Co6Te8(PEt3)6][C70]2. Te, tan; Co, navy blue; P, 
orange; C, black. Hydrogen atoms are removed to clarify the view. 
 
100 K: The fullerene dimer is disordered over two positions which were each identified in Fourier 
maps and introduced with rigid coordinates from the literature as cited above. Subsequently the 
geometries of the two independent positions were allowed to relax with a  SAME restraint relating 
the two positions. The major position (77% occupied) was refined with anisotropic ADPs and the 
minor position was refined with isotropic ADPs. 
The fullerene monomer is disordered over three positions. The two more occupied 
positions (49 and 38 % occupied) were located in difference maps and introduced and refined with 
rigid coordinates from the literature. The least occupied position (12%) was located by testing 
several hundred random orientations. All three positions were kept as rigid bodies in the final 
refinement. The two major positions were refined with anisotropic ADPs and the minor position 
was refined with a single group isotropic ADP. 
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250 K: Due to the addition of mirror planes to the space group of phase B, all three molecules in 
the structure are disordered by symmetry.  
The Co6Te8 cluster was introduced using the geometry of the 100 K structure as a rigid 
fragment. The cluster geometry was subsequently allowed to relax with a SAME restraint relating 
all six CoPEt3 residues.  
The fullerene dimer is disordered over two independent positions, each of which is further 
disordered by reflection over a mirror plane. Each position was initially located roughly by Monte 
Carlo orientation of a C70 fragment, then subsequently corrected by replacing the C70 with half of 
a C140 dimer with coordinates taken from the literature. Each of the two positions was treated as a 
rigid body with anisotropic ADPs in the final refinement. 
The fullerene monomer is disordered over four independent positions, each of which is 
further disordered over a mirror plane. The four positions were located successively by Monte 
Carlo orientation of a C70 fragment from the literature. The Monte Carlo orientation procedure was 
repeated, cycling through all four positions, until all orientations converged. All four positions 
were treated as rigid bodies with group isotropic ADPs (one per position) in the final refinement. 
 
340 K: The Co6Te8 cluster was located in the initial solution and sits on a position of -3m1 
symmetry with 1/12 of a cluster (one Co on a mirror plane, two Te, one phosphine disordered over 
a mirror plane) in the asymmetric unit. The phosphine carbon atoms were located in difference 
maps with some difficulty due to the disorder by symmetry.  
The fullerene is located on a site of 3m1 symmetry and thus disordered over six symmetry-
related positions. As in the 250 K structure, it was oriented by testing random orientations, but in 
this case the refinement was not improved by introducing more than one symmetry-independent 
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orientation. In the final refinement the fullerene was treated as a rigid body with a group isotropic 
ADP. 
 
Figure 4.8: Electron density Fourier maps for [Co6Te8(PEt3)6][C70]2. Plots shown of SAC in 
phases A (g-j), B(c-f), and C (a-b). Fourier maps are contoured at 0.5 e- Å-3 intervals starting at 1 
e- Å-3 (phases A and B) and 0.25 e- Å-3 starting at 0.5 e- Å-3 (phase C). 
 
Fourier maps of fullerene monomers and dimers 
In all maps, two views are shown: left, a view through the centroid of a C70 fragment and 
along the axis connecting that fragment to its bonding partner (for C1402-) or nearest neighbor (for 
C70). For the 100 K and 250 K structures, the maps are Fobs-Fcalc maps calculated after removing 
the relevant molecule from the model. For the 340 K structure, the map is an Fobs map because the 
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single C70 molecule represents almost half the total scattering power and thus deleting it from the 
model to calculate a difference map was inappropriate. 
 
Figure 4.9: SCXRD oxidation state plot. Plot of Co-P and Co-Co interatomic distances for 
Co6Te8(PR3)6 clusters in 0, 1+ and 2+ oxidation states. The oxidation of Co6Te8(PEt3)6+ from 
[Co6Te8(PEt3)6][C70]2 ascertained through bond length analysis. 
 
X-ray structural analysis of cluster oxidation state 
Following an approach previously described by Choi et al34, we analyzed a set of 19 
crystal structures of Co6Te8(PR3)6 cluster in unambiguous neutral, 1+, and 2+ oxidation states. 
The results are summarized in Fig. 4.9. Each successive oxidation of the cluster causes a ~0.1 Å 
contraction of the Co6 core and a ~0.03 Å lengthening of the average Co-P bond. The structures 
of [Co6Te8(PEt3)6][C70]2 in all three phases  are consistent with clusters in the 1+ oxidation state. 
 
Electrical transport measurements 
We measured electrical transport behavior by applying a voltage sweep to the sample with 
a Keithley 2400 digital multimeter, amplifying the current with a Stanford Research Systems 
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Model SR570 pre-amplifier, and recording the current with a Keysight 34401A digital multimeter. 
The temperature was varied with a Lake Shore 331 digital temperature controller.  
Single crystals of [Co6Te8(PEt3)6][C70]2 were selected and adhered to a thin copper plate 
using double-sided tape. Contacts were made by painting to opposite sides of the crystal with 
conductive silver paint (Ted Pella 16032). The plate was transferred to a vacuum probe station 
with minimal exposure to air. A voltage sweep from -1 to 1 V at a rate of 100 mV/s was applied 
and the current was measured to obtain an IV curve. The temperature was varied between 366 K 
and 180 K using a built-in heater, liquid N2 and a temperature controller and IV curves were 
measured at fixed temperature points after allowing at least 5 minutes for the temperature to 
equilibrate. 
 A linear fit was applied to the IV curves and conductance at various temperatures was 
calculated. An Arrhenius plot of log(conductance) against inverse temperature provided a linear 
plot from which transport activation energy was extracted. Conductivity and resistivity were 
calculated by measuring the dimensions of each crystal with an optical microscope. 
 
Figure 4.10: Optical micrograph of a single crystal of [Co6Te8(PEt3)6][C70]2. Contacts made 




Figure 4.11: Representative current-voltage (IV) curves. We use linear fits for two-terminal 
devices fabricated from single crystals of [Co6Te8(PEt3)6][C70]2, shown at each of the three phases. 
Phase C was measured with a slightly reduced potential window to avoid Schottky behavior. 
 
Mid-IR electronic absorption spectroscopy 
We measured near-IR reflectance on using Nicolet Continuum FTIR microscope coupled 
with Nicolet 6700 FTIR spectrometer. KBr beamsplitter, and HgCdTe detector were used to obtain 
spectrum in 650 - 7000 cm-1 (81 - 868 meV). Single crystals of [Co6Te8(PEt3)6][C70]2 were placed 
on a gold substrate, which was mounted in Oxford Instruments Microstat HiRes II. KBr window 
was used on cryostat to allow IR light to transmit between microscope and sample in the cryostat. 
Temperature was changed from 200 K to 400 K at 20 K increment. 
For each temperature, 6 separate measurements were made and then averaged to improve 
accuracy. (Figure 4.12) Reflectance spectra were then converted to absorption spectra using 
Kramers-Kronig analysis.35 From absorption spectra we produce Tauc plots for direct gaps to 
identify optical gaps at each temperature. (Figure 4.13) Fitting parameters and obtained values of 
optical gaps are shown in Table S2. 
 There are two notable features besides the sharp change in optical gap across phase 
transition. The first feature is a decrease in band gap towards lower temperature. Such trend is 
often observed in molecular semiconductors where weakly coupled constituents of crystal become 
more strongly coupled due to thermal contraction at lower temperature. The trend is mostly 
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 Second feature is Fano resonance of C-H stretch peaks at 0.36 eV. While at high 
temperature C-H stretch peaks are individually resolvable Gaussians, at lower temperature, 
especially below 280 K, those peaks begin to show derivative shapes, which is characteristic of 
Fano resonances. We suggest that at low temperature, band gap redshifts due to thermal 
contraction and the band edge overlaps with vibrational energies of C-H stretch modes. As discrete 
vibrational modes couple with band gap of the material, Fano resonance realizes. Due to this effect, 
we are prone to overestimate optical gap using Tauc plot in 200-260 K temperature range. We also 
suggest that similar effect is present above phase transition II at 330 K, but it is not clearly 





Figure 4.12: FTIR reflectance spectra of [Co6Te8(PEt3)6][C70]2. Measured in 20 K increments 
from 200 - 400 K. There are 0.02 offsets between spectra of different temperatures. 
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Figure 4.13: Tauc plots of absorption spectra at different temperatures. Linear fits used to 








Y-intercept (× 107 
eV2/cm2) 




200 -2.496 ± 0.009 6.76 ± 0.02 369 ± 2 
220 -1.588 ± 0.005 4.28 ± 0.02 370 ± 2 
240 -1.20 ± 0.02 3.18 ± 0.05 377 ± 5 
260 -1.465 ± 0.008 3.93 ± 0.03 372 ± 3 
280 -1.21 ± 0.01 3.20 ± 0.04 379 ± 4 
300 -1.38 ± 0.02 3.48 ± 0.04 396 ± 4 
320 -2.08 ± 0.03 5.00 ± 0.06 416 ± 6 
340 -0.175 ± 0.002 1.29 ± 0.02 135 ± 2 
360 -0.151 ± 0.002 1.16 ± 0.02 130 ± 2 
380 -0.225 ± 0.002 1.68 ± 0.02 134 ± 2 
400 -0.227 ± 0.002 1.69 ± 0.02 134 ± 2 
 
Table 4.2: Fit parameters used for Tauc plots displayed in Figure 4.13. 
 
Thermal Measurements 
FDTR Experimental Setup 
 Frequency domain thermoreflectance (FDTR) is a non-contact, continuous wave laser-
based method for measuring the thermal transport properties of a sample. The intensity of a pump 
laser (488 nm) is periodically modulated through an electro-optic modulator in the frequency range 
of 100 kHz to 5 MHz to impart a periodic heat flux when focused (20x objective) onto the gold-
coated surface of the sample. A concentric probe laser (532 nm) measures the thermal response at 
the surface of the gold-coated sample via thermoreflectance. The modulation frequency dependent 
phase lag of the probe relative to the pump is related to the thermal conductivity of the sample and 
is measured using a photodiode that is connected to a lock-in amplifier (Zurich HF2LI). The phase 
difference is fit to an analytical solution to the heat diffusion equation for radially Gaussian 
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periodic surface heating of a multi-layered solid36 using the parameters in Table S3 to determine 
the thermal conductivity of the sample.  
 For low temperature measurements the sample was placed in an Oxford Instruments 
MicrostatHe cryostat.  Due to the low thermal conductivity of the superatomic crystals a steady-
state temperature rise (20-40K depending on the base cryostat temperature) occurs due to laser 
heating.  An iterative approach is used, as described in Ong et. al.4 to determine the local 
temperature rise of the sample where the FDTR measurement is made.   The thermal conductivity 
is reported at the cryostat temperature plus this temperature rise in Fig. 4.4b. 
 
Differential Scanning Calorimetry 
Heat capacity was measured using a TA Instruments Q20 Differential Scanning 
Calorimeter. Samples of 8-15 mg were loaded in TA Instruments Tzero non-hermetic aluminum 
pans. The heating and cooling DSC cycles were performed from 198 to 368 K at rates of either 10 
or 20 K/min with an isothermal interval of five minutes between heating and cooling runs. The 
measured heat capacity for a piece of 7.1 mg reference Si crystal was within 3% of the published 
result over the entire temperature range. 
 
Sample Preparation 
 Single crystals were chosen and glued to a glass substrate. The substrates and samples were 
coated with a gold transducer layer using a Perkin Elmer 6J sputtering system. A glass reference 
sample was co-sputtered with the crystal sample. This glass sample was used for X-Ray Reflection 
(X'Pert Pro MRD X-Ray Diffractometer) measurements of gold thickness and Four-Point Probe 
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measurements (Lucas-Signatone Corp 302 Resistivity Stand) of gold electrical conductivity, 
which is converted to thermal conductivity by the Weidemann-Franz Law.   
Fitting Parameters 
 Gold Transducer Layer [Co6Te8(PEt3)6][C70]2 
Thickness 56.9 nm and 74.5 nm as measured by 
X-Ray reflection 
> 100 µm, as estimated from top view 
of microscopic images 
Thermal 
Conductivity 
133.7 W/m.K and 134.6 W/m.K as 
measured using Four-Point Probe 




Literature values37 with extrapolations 
shown in Fig 4.14. 
Measured using DSC with 
extrapolations shown in Fig 4.14. 
Density 19.3 g/cm3 2.059 g/cm3 as calculated from 
SCXRD 
Table 4.3: Fitting parameters for thermal transport model. 
 
Figure 4.14: Heat Capacity for gold transducer layer and [Co6Te8(PEt3)6][C70]2. 
 
Uncertainty 
Uncertainty within a single measurement is the result of uncertainty in the fitting 
parameters, including gold transducer’s properties (thickness, thermal conductivity, and density), 
heat capacity of the [Co6Te8(PEt3)6][C70]2, laser power absorbed by the sample, and co-fitted laser 
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spot size.  Except for spot size, the uncertainty in each parameter was assessed based on its 
specified measurement approach (e.g. X-ray reflection for gold thickness).  The uncertainty due to 
the laser’s spot size was assessed based on the co-fitting procedure with the [Co6Te8(PEt3)6][C70]2 
thermal conductivity. Fits to the phase data having an MSE below 1.2 times the global minimum 
MSE were considered acceptable, as long as the spot size was within ±0.45 µm of the measured 
spot size on the reference sample.  The maximum absolute difference between the thermal 
conductivity from the global minimum MSE fit, and the thermal conductivities of the acceptable 
fits, was used as the uncertainty due to spot size.   
The root sum square of uncertainties due to all the fitting parameters is reported as the 
uncertainty for each individual measurement point (si) using the procedure from Malen et. al.22. 
The final reported thermal conductivity !̅ and total uncertainty #$ for N individual 









2 − !̅- Eq. 4.2 
where xi represents the individual measurement’s thermal conductivity.  
SQUID magnetometry 
Magnetic measurements of [Co6Te8(PEt3)6][C70]2 were performed on polycrystalline 
samples flame-sealed in a quartz tube under vacuum. All data were collected using a Quantum 
Design MPMS-XL SQUID magnetometer from 1.8 to 374 K at applied dc fields ranging from 0 
to +7 T. Dc susceptibility data were corrected for diamagnetic contributions from the core 
diamagnetism of each sample (estimated using Pascal’s constants38). 
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Figure 4.15: Variable-field magnetization data for [Co6Te8(PEt3)6][C70]2 collected at 1.8 K. 
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Chapter 5. Topochemical Polymerization of a Covalent Organic Framework 
 
5.1. Preface 
This chapter is based on a manuscript in preparation entitled “Topochemical 
polymerization of a covalent organic framework”. I synthesized all COF precursors, 
solvothermally synthesized COF samples, ran all powder x-ray diffraction (PXRD) 
measurements, ran TGA and gas adsorption measurements, and ran all Raman and FTIR 
spectroscopic measurements. Daniel Paley assisted with BET measurements. Yunyao Xu in the 
Anne McDermott group ran solid-state 11B and 13C NMR experiments on COF samples, though 
these results are preliminary and are only discussed in the supplementary information for now. 
 
5.2. Introduction 
Covalent organic frameworks (COFs) are an exciting new class of porous crystalline 
materials whose topology and function derive from the structure the constituting building 
blocks1. The synthetic flexibility of the organic components, coupled with the exceptionally high 
surface areas (>4,000 m2/g for state of the art COFs) gives rise to a wealth of emergent behaviors 
spanning gas adsorption and separation, energy storage, and catalysis to name a few2–4. 
 The growth of these polymers intrinsically relies on reversible bond formation (typically 
imine or boronate ester linkages) as the reversible nature of this process permits dynamic 
structural error-correction, ensuring maximum crystallinity. This approach, however, can result 
in hydrolytically vulnerable materials sensitive to a wide range of nucleophilic solvents and 
reagents. Several articles have successfully reinforced these bonds, either through Schiff 
chemistry or post-synthetic conversion of the chemical linkages5–7. The resultant materials are 
more resilient structures with structural longevity, a necessary characteristic for this type of 
functional material.  
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While standard COF materials typically crystallize into planar 2D superstructures, Yu et 
al have reported the preparation of quasiplanar 2D undulated COFs using junction molecules 
derived from bowl-shaped cyclotricatechylene (CTC)8,9. The unique bowl-shaped C3-symmetric 
junction molecules produce a structure with shorter interlayer spacing and effectively template 
COF growth through complementary shape recognition in neighboring layers, increasing the 
overall crystallinity of the CTC-COF. In addition to improving sample crystallinity, the topology 
of the covalent organic framework yields the interlayer translational mismatch necessary to 
enable a unique post-synthetic polymerization. 
Here we describe a novel structure whose unusual undulated structural topology enables 
post-synthetic topochemical polymerization of the framework linker fragments. The 
polymerization of the 1-3 butadiyne into a polydiacetylene backbone covalently crosslinks the 
material without compromising its original crystallinity. This transformation is accompanied by a 
significant color change from grey to deep blue. We perform the polymerization thermally and 
can unambiguously confirm the transformation using Raman spectroscopy. This work not only 
enables the preparation of more structurally resilient COFs, but also diversifies the design space 
for this emerging class of materials. 
 
5.3. Synthesis and characterization 
The title compound, CTC-L1B, was grown from the condensation of the two precursors, 
4,4’-diphenylbutadiynebis(boronic acid) (L1B) and cyclotricatechylene (CTC) to generate a 
framework bound with boronate ester linkages. The solvothermal condensation was performed in 
2:1 n-propanol:mesitylene to yield a grey powder with no solubility in standard non-polar 
solvents. The solids were filtered and soaked in dry acetone overnight to remove any residual or 




Figure 5.1: Chemical structures of CTC, L1B, and the proposed 45678	model of CTC-L1B, 
as seen down its c-axis. 
 
100ºC while drying in vacuo. 
The Fourier transform infrared (FTIR) spectrum of CTC-L1B shows vibrational 
signatures at 1,372 cm-1, 1,336 cm-1, 1,250 cm-1, and 1,017 cm-1, all characteristic of boronate 
esters (Fig. 5.14). The B-O stretch characteristic of the boronic acid reagent disappears, while the 
broad -OH stretch of CTC from 3,000-3,750 cm-1 is significantly attenuated. These observations 
are consistent with conversion of the precursors into CTC-L1B. Weak absorptions in the alkyl 
region indicate that activation has successfully removed trace solvents from the porous structure, 
as only a weak signal should arise from the aliphatic backbone of the CTC junctions. No signal is 
observed between 1,290 - 1,305 cm-1, rejecting the possibility of the formation of a competing 
boroxine linked 2D COF10. 
The gas adsorption properties of CTC-L1B were evaluated by N2 gas adsorption at 77 K 
(Figure 5.11). The framework exhibits a reversible isotherm typical of mesoporous materials 
most resembling Type IV, where gas adsorption by pores occurs in two steps at P/P0 < 0.30 and 
0.30 < P/P0 = 0.80 pressures. Analysis of the low-pressure region (0.05 < P/P0 < 0.10) of the 
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isotherm provides a Langmuir surface area of ~490 m2/g and BET surface area of ~525 m2/g. 
Thermogravimetric analysis (TGA) shows an inset of mass loss beginning at approximately 
400ºC (Fig. 5.16), consistent with other reported boronate COFs which experience bond 
dissociation around that temperature11.  
The crystallinity of CTC-L1B samples were measured using powder x-ray diffraction. 
While the as-grown sample diffracts poorly, activating the material overnight at 100ºC 
drastically increases diffraction intensity. The measured diffractions are located at: 2.96º, 4.10º, 
4.95º, 5.81º, 6.45º, and 8.66º with some weak diffractions at higher angles (see section 5.6). We 
used Materials Studio to model a proposed CTC-L1B structure with :3$<1 symmetry, analogous 
to CTC-COFs reported by Yu et al.9; crystal structures for this model are shown in Figure 5.10, 
and Figure 5.2 shows an overlay of the simulated diffraction pattern for this CTC-L1B model 
and the experimental diffraction pattern. The experimental diffractions do not agree well with 
those proposed by the model, implying that the superstructure and underlying symmetry must be 
different. Indexing the PXRD diffractions (Table 5.1) suggests a cubic crystal group with cell 
parameter a = 2.96 nm, consistent with the approximate distance between adjacent junction 
blocks joined by a single linker. However, the intensity of diffractions located at 4.96º and 5.81º 
vary with stoichiometry and reaction time, making it difficult to classify the symmetry of the 
material with absolute certainty; see PXRD entry of section 5.6 and figure 5.9.  
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Figure 5.2: PXRD pattern of CTC-L1B and Material studio :3$<1	model. 
 
Cross referencing catalogs of porous frameworks12, we see no viable cubic framework 
topologies that can be assembled from CTC and L1B. We considered the possibility that CTC-
L1B may not exist as an extended material, but the high porosity and negligible solubility of the 
powder suggests it must be some class of porous crystalline polymer. As such, no viable 
structural model presently exists, despite the strong sample crystallinity. However, the topology 
yields expected interlayer reactivity, indicating that the polymer fragments must be packing 
similarly to the proposed :3$<1 CTC-L1B model (Fig. 5.3b).  
 
5.4. Topochemical polymerization 
Polydiacetylenes (PDAs) are a class of conjugated chromatic polymers with applications 
including biosensing, monolayer growth, and graphene nanoribbon synthesis13–15. These 
polymers are topochemically grown from highly ordered arrays of 1,3-butadiyne monomers, 
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which must satisfy a very strict spatial criterion: the C1-C4 spacing between adjacent monomers 
must be less than ~3.5Å, arranged at approximately 45º tilt angle off the vertical axis. This 
topology is very difficult to engineer and has little tolerance for distortion; the term 
“topochemical polymerization” was coined to descried this system due to its extraordinary 
regioselectivity16. Properly aligned monomers will react when treated with heat and UV 
irradiation to yield the PDA. This transformation is accompanied by a significant color change 
from colorless to blue, as expansion of the π-system narrows the energy gap of the π-π* 
transition. 
 
Figure 5.3: Diagram of topochemical polymerization of CTC-L1B. a. Topochemical reaction 
of bisaryl-1,3-butadiyne monomers into corresponding polydiacetylene. Teal region highlights 
monomer through the transformation. Figure adapted from Jordan et al.14 b. Scheme illustrating 




 While most COFs crystallize into stacked planar structures, our work exploits the non-
eclipsing topology of CTC-L1B in order to shorten the C1-C4 interatomic spacing between 
adjacent butadiyne monomers, thereby satisfying the necessary polymerization criteria for PDA 
growth. Figure 5.3 shows how pillars of linker fragments along the c-axis of the proposed :3$<1 
model would polymerize to yield a polydiacetylene reinforced COF. The arms of the bowl-
shaped CTC junction protrude at an ~45º angle from the ab-plane in perfect agreement with the 
polymerization criteria. Analysis of the modeled structure of previous CTC-COFs estimates an 
approximate 3.2 Å C1-C4 interatomic spacing between adjacent butadiyne layers, well within the 
necessary threshold to enable polymerization. 
Initial attempts at polymerization were performed by dispersing CTC-L1B on a glass 
slide and heating at 100ºC on a hotplate whilst irradiating with a UV lamp. While this approach 
yielded some reactivity, little color change was observed. The material was instead transferred to 
an evacuated tube and heated to 180ºC in the absence of light to yield CTC-PDA, a deep blue 
polymerized COF. Few examples of PDA growth occur without UV irradiation, demonstrating  
 













the remarkable topochemical performance of the system17. Looking at the FTIR spectra of CTC-
L1B and CTC-PDA (Figure 5.15), we see little change to absorptions assigned to boronate ester 
linkages, suggesting no breakdown of COF bonding. The PXRD pattern shows no peak shifting 
and the diffraction intensity increases modestly over the as-grown CTC-L1B, signifying 
improved sample crystallinity.  
While IR lacks the spectral definition to track conversion of CTC-L1B into CTC-PDA, 
Raman spectroscopy is an effective tool to monitor the transformation. The vibrations of PDAs 
at ~1,450 cm-1 and ~2,100 cm-1 are unique and can be used to unambiguously identify their 
presence in a given structure. Figure 5.17 shows the Raman spectra for CTC-L1B and CTC-
PDA. We see peaks in both structures at 1,450 cm-1 and 2,123 cm-1 corresponding to the 
vibrations characteristic of PDA, though the peak intensity dramatically increases after 
polymerization. Additionally, the vibrations of the bisaryl-1,3-butadiyne at 1,620 cm-1 and 2,240 
cm-1 complete disappear, indicating complete polymerization of the monomer. The weak PDA 
absorption in CTC-L1B may arise from premature COF polymerization during the solvothermal 
synthesis; this observation could account for the weaker diffraction intensity of CTC-L1B 
relative to CTC-PDA, as the structure would only be substantially disordered. Thermalizing the 
pristine L1B monomer yields no color change nor raman signatures of PDA. 
Polydiacetylenes are sometimes capable of thermochromic behavior, whereby the sample 
color will change from blue to red when heated. This transformation occurs due to distortion of 
the rigid linear PDA backbone, typically an irreversible process. Heating CTC-PDA as far as 
350ºC, we saw no such change in sample color. This can be explained by the rigid PDA 
confirmation within the COF, which has little rotational freedom. Digesting CTC-PDA in polar 
solvents such as H2O or NMP breaks down the structure, yielding CTC and boronic acid 
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decorated PDA. Because the PDA is free to rotate about the C-C single bonds on its long axis, 
the solution immediately turns red as CTC-PDA is digested, further evidence to the formation of 
PDA within CTC-PDA. We were unable to measure any electrical conductivity in pellet-pressed 
samples of both CTC-L1B and CTC-PDA; this result was not surprising as both COFs and PDAs 
are poor electrical conductors1,18,19. 
 
5.5. Conclusions 
 We have demonstrated a new ability to topochemically polymerize a covalent organic 
framework simply by treating the as-grown framework with heat. This treatment polymerizes 
1,3-butadiynes in the linker fragments, yielding a polydiacetylene. While no structural model for 
the COF exists, the sample is highly crystalline and spectroscopic signatures of both precursors 
can be seen. Spectroscopic Raman measurements show that the polymerization goes to 
completion, causing the framework to turn a very deep blue. This work adds a new dimension to 
COF design, and lays a path towards the development of graphitic nanomaterials. 
 
5.6. Supplementary information 
Synthetic Details and Procedures 
Trimethylsilylacetylene, potassium acetate, and phosphoric acid were purchased from 
Fischer Scientific. Bis(dibenzylideneacetone)palladium (Pd2DBA3), dicyclohexylphosphino-
2′,4′,6′-triisopropylbiphenyl (XPhos), tetramethylethylenediamine, veratrole, nickel (II) chloride 
hexahydrate, sodium periodate, 1.0 M tetra-n-butylammonium fluoride solution in THF, copper 
(I) iodide (CuI),1-bromo-4-chlorobenzene, and 1.0M BBr3 solution in DCM were purchased 
from Sigma Aldrich. Bis(pinacolato)diboron (BPin2) was purchased from Matrix Chemicals. 
Bis(triphenylphosphine)palladiumdichloride (Pd(PPh3)2Cl2) was purchased from Oakwood. All 
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solvents were purchased from Fischer Scientific; those used for air-free syntheses were dried and 
deoxygenated by elution through a dual column solvent purification system (MBraun SPS). 
Deuterated solvents for NMR were purchased from Cambridge Isotope Laboratories, Inc. L1B11 
and CTC20 were prepared according to literature procedures. 1H NMR and 31P spectra were 
acquired on Bruker 400 and Bruker 500 spectrometers, respectively. Data for 1H NMR are 
reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, br s = broad singlet, d = 
doublet, t = triplet, dd = doublet of doublets, dt = doublet of triplets, q = quartet, hept = heptet, m 
= multiplet), integration, and assignment. Thin layer chromatography (TLC) was performed 









((4-chlorophenyl)ethynyl)trimethylsilane (1) – A 200 mL schlenk flask was charged with 1-
bromo-4-chlorobenzene (5.0 g, 26.0 mmol), Pd(PPh3)2Cl2 (540 mg, 0.8 mmol), and CuI (296 mg, 
1.6 mmol), 40 mL dry acetonitrile and 40 mL dry triethylamine. The flask was attached to a 
manifold under N2 pressure before degassed trimethylsilylacetylene (7.4 mL, 52.0 mmol) was 
added all at once. The reaction was heated to 65ºC and left 12h. The brown solution was diluted 
with ethyl acetate (60 mL), passed through a celite plug, and concentrated in vacuo to yield a 
crude brown oil. Passing through a silica plug with 100% hexanes yielded the product as orange 
crystals (5.64 g, quantitative). 1H NMR (300 MHz, CDCl3) δ 7.39 (d, 2H, ArH), 7.28 (d, 2H, 
ArH), 0.25 (s, 9H, TMSH).  
 
Trimethyl((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethynyl)silane (2) - A 200 
mL schlenk flask was charged with 1 (5.0 g, 24.0 mmol), BPin2 (7.9 g, 31.0 mmol), potassium 
acetate (7.1 g, 72.0 mmol), XPhos (685 mg, 1.3 mmol), Pd2DBA3 (328 mg, 0.3 mmol), and 100 
mL dry dioxanes. The flask was attached to a manifold under N2 pressure and was heated at 90ºC 
for 4h. The red solution was diluted with hexanes (100 mL), passed through a celite plug, and 
concentrated in vacuo to yield a crude red paste. Passing through a silica plug with 5:95 ethyl 
acetate:hexanes yielded impure yellow solids. These solids were sonicated with hexanes (25 
mL), cooled in the freezer at -30ºC and filtered to yield pale orange crystals (5.9 g, 82.0%).1H 
NMR (300 MHz, CDCl3) δ 7.73 (d, 2H, ArH), 7.45 (d, 2H, ArH), 1.35 (s, 12H, BPinH), 0.25 (s, 
9H, TMSH).  
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2-(4-ethynylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3) – In a 100 mL round 
bottomed flask under N2, 2 (5.5 g, 18.3 mmol) was dissolved in dry THF (100 mL) and cooled to 
0ºC. TBAF solution in DCM (1.0 M) (20 mL, 20 mmol) was added slowly via syringe, and the 
flask was left to stir 1h at room temperature. The reaction was diluted with diethyl ether (100 
mL), and washed with 50 mL saturated NH4Cl solution in a separatory funnel. The aqueous 
solution was extracted with diethyl ether (2 x 50 mL), and the combined organic fractions were 
brine washed, dried with MgSO4, and concentrated in vacuo to yield a crude brown oil. Passing 
the crude oil through a silica plug with 3:97 ethyl acetate:hexanes yielded impure yellow solids 
(3.35 g, 80.1%). 1H NMR (300 MHz, CDCl3) δ 7.75 (d, 2H, ArH), 7.49 (d, 2H, ArH), 3.13 (s, 
1H, CºCH), 1.35 (s, 12H, BPinH).  
CTC-L1B – CTC (15 mg, 40 µmol) and L1B (13 mg, 40 µmol) and H2O were combined in a 1 
dram scintillation vial, along with 2:1 n-propanol:meitylene (0.5 mL). The light gray suspension 
was transferred to a 10 mL pre-scored long-necked glass ampoule, flash-frozen in a liquid 
nitrogen bath, and flame-sealed. Once cool, the ampoule was moved to a 95ºC oven for 96 h. The 
contents of the ampoule were then filtered through a Hirsch funnel and washed with dry acetone 
(5 mL). The collected powder was soaked 24 h in dry acetone (3 mL), which was exchanged 3 
times. The solids were filtered and dried at 100ºC in vacuo to yield pale grey powder (11 mg). IR 
(powder, ATR) 1703, 1605, 1520, 1480, 1399, 1373, 1336, 1249, 1160, 1064, 1017, 936, 862, 
830, 743, 650, 612 cm-1. Weak/shoulder peaks not listed. 
 
CTC-PDA – CTC-L1B (20 mg) was transferred to a 2 mL pre-scored long-necked glass 
ampoule. The ampoule was evacuated, torch sealed, and placed in a 180ºC oven 12h. The deep 
blue powder was collected for analysis. 
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Figure 5.7: 1H-NMR spectrum of trimethyl((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-




Figure 5.8: 1H-NMR spectrum of 2-(4-ethynylphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (CDCl3, 300 MHz, 298K). 
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 Powder x-ray diffraction (PXRD) 
 PXRD patterns were acquired on a PANalytical X’Pert 3 Powder diffractometer. Samples 
were prepared on a zero-background Si plate. Table 5.1 lists diffractions measured for CTC-L1B 
and the proposed miller indexes for each diffraction in a cubic system. The intensities of the 
diffractions centered at 2Q = 4.95º and 5.81º seem to change with both solvothermal reaction 
time and with water equivalency, showing stronger relative diffraction intensity in samples with 
lower water content and reaction time. Because we have no proposed structural model, it is 
unclear if these diffractions arise from the presence of an impurity or if the symmetry of CTC-
L1B is somehow evolving with time. No change in the intensity or position of these peaks is 
apparent after topochemical polymerization. 
 

















Figure 5.9: PXRD patterns of CTC-L1B grown with different synthesis times and water 
stoichiometry. Diffractions at 2Q = 4.95º and 5.81º vary in intensity. 
 
 
Electron diffraction measurements were performed to attempt diffraction on samples with 
fewer crystal grains to identify a crystal group for the COF, but diffraction intensity was too 
weak to yield any such insight.  
We hypothesized some potential macrocyclic and interlocked macrocyclic species that 
could account for a cubic lattice, but they would not afford the topology necessary to enable 
PDA growth, and therefore cannot be considered as possible structural models. The proposed 
:3$<1 CTC-L1B and CTC-PDA models are shown in Figures 5.10-11, down the a and c axes of 




Figure 5.10: Crystal structure of :3$<1 CTC-L1B model. Structure shown looking down a-
axis (A) and c-axis (B). Carbons drawn black, boron drawn blue, oxygen drawn red. 
 
 
Figure 5.11: Crystal structure of :3$<1 CTC-PDA model. Structure shown looking down a-
axis (A) and c-axis (B). Carbons drawn black, boron drawn blue, oxygen drawn red. 
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BET surface area measurements 
 N2 adsorption isotherms were collected on a Micromeritics ASAP 2020 HV BET 
Analyzer. Surface area was calculated using the Brunauer–Emmett–Teller (BET) method. Pore 
size distributions were calculated from N2 adsorption isotherms using the Tarazona non-local 
DFT method.  
 
 
Figure 5.12: N2 adsorption and desorption curve for CTC-L1B.  
 
 








Fourier-transform infrared (FTIR) spectra were obtained using a Perkin Elmer Spectrum 
400 spectrometer using a PIKE ATR attachment. Fig. 5.14 shows the IR spectrum of CTC-L1B, 
CTC, and L1B overlaid. Consumption of the hydroxyl and boronic acid signals of CTC and L1B 
respectively indicate formation of a boronate-linked framework. Fig. 5.15 shows the IR spectrum 
of CTC-L1B and CTC-PDA. 
 
 
Figure 5.14: FTIR spectrum of CTC-L1B, CTC, and L1B. 
 
                         
Figure 5.15: FTIR spectrum of CTC-L1B and CTC-PDA. 
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Thermogravimetric analysis (TGA) 
 Thermogravimetric analysis (TGA) traces collected on a TA Instruments TGA Q500 
under nitrogen. Scan run up to 800ºC with a 10ºC/min scan rate using a linear ramp program. 
Figure 5.16 shows TGA data for CTC-L1B, showing an onset of degradation of at approximately 
400ºC. Approximately 60% mass loss is observed for the structure. 
 
 
























 Raman spectra were acquired on a Reinshaw InVia microRaman with 532 nm irradiation. 
Substantially stronger signal intensity observed for CTC-PDA, despite similar exposure time and 
lasing intensity. 
 
Figure 5.17: Raman spectra of CTC-L1B and CTC-PDA. 
 
Solid state NMR spectroscopy 
 The 13C and 11B NMR experiments were performed on a Varian Infinityplus NMR console 
with an Oxford 9.4 T narrow bore magnetusing HXY APEX probe. The sample was spun at the 
magic angle (54.7°) at 8 kHz. The 13C spectrum was taken by using 1H- 13C cross polarization and 
11B spectrum is taken by using direct excitation. In both experiments, ~ 90 kHz 1H decoupling was 
applied. The chemical shift is externally referenced to the downfield carbon chemical shift of 
adamantane line at 40.48 ppm; 11B is referenced to carbon based on the gyromagnetic ratio.. The 
13C NMR spectrum shows peaks very similar to those reported by Spitler et al.11, which reports a 
planar 2D constructed from L1B linker fragments. The 11B NMR spectrum features satellites to 
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assigned to the partially polymerized sample domains; this would create a slightly different 
shielding environment. ssNMR experiments will be run on CTC-PDA to see if the peaks do indeed 
converge. 
 
Figure 5.18: 11B solid state NMR spectrum of CTC-L1B. 
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